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SYNTHESIS AND CHARACTERISTICS OF
POUYARYLENE ETHER SULFONE:S
:t. Viswanathan, B. C. Johnson, T. C. Ward, and J. E. McGrath
(ABSTRACT)
The classical route for the synthesis of this family of
macromolecules is via nucleophilic aromatic substitution us-
ing dimethylsulfoxide (DMSO) as a dipolar aprotic solvent
and aqueous sodium hydroxide as a base. High molecular
weight homopoly mers can be synthesized in a short time (1
hour). However, hydrolytic side reactions can limit its
scope for the synthesis of block copolymers. An alternate
route using potassium carbonate/dimethyl acetamide as base
and solvent respectively has been cited in the patent lit-
erature. We have used this method for the synthesis of
several homopolymers and copolymers derived from various
bisphenols. Our investigation into the kinetics and mechan-
ism of this process has demonstrated that this route devi-
ates from simple second order kinetics. This deviation has
been rationalized to be due to the heterogeneous nature of
the reaction.
The utility of these polymers is a direct function of
their excellent stability (hydrolytic, thermal and dimen-
sional) wide use range and good mechanical properties. How-
ever, their poor solvent resistance can be considered and
"Achilles heel". We reasoned that the introduction of a
ii
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second ordered or crystalline component would vastly improve
its solvent resistance. Hydroquinone polysulfone, homopoly-
mer was reported to be semi-crystalline "as made". We thus
synthesized and studied "random" copolymers obtained by
reacting various mole ratio combinations of bisphenol-A and
hydroquinone with dichlorodiphenyl sulfone. The molecular
weight (Mn) of these copolymers ranged from 20,000 - 40,000.
Their glass transition temperature (Tg) increased monotoni-
cally from 185°C for pure bis-A homopolymer to 210 °C for hy-
droquinone homopolymer. Two different types ,,t mechanical
tests together with DSC and SEM measurements showed that im-
proved solvent resistance (especially to liquids of interest
to NASA for aerospace functions) could be achieved via a
novel liquid induced crystallization process. 13C and pro-
ton NMR spectral assignments were successfully made using
model compounds. The composition of the copolymers by NMR
accurage to ±38. Multiblock ( -A-B-) copolymer of bisphenol-
A polycarbonate and several poly(arylether sulfones) were
synthesized from well characterized oligomers. It was pos-
sible to prepare one or two phase block copolymers by con-
trolling the molecular weights and/or interaction parameters
of the par,-nt cligomers. Surface characterization showed
surface segregation even for the single phase material.
Triad distribution of monomers in non-equilibrium co-
polycondensation was investigated by Monte' Carlo simula-
tion. In the one step process, where the intermonomer and/-
or comonomers had independent functional group reactivities,
3
the resulting copolymer was always random irrespective of
the reactivity ratio of the comonomers. A non random dis-
tribution was obtained when the reactivity ratio of the fun-
tional groups in the intermonomer and those of the comonomer
were much greater than unit. Monomers that resulted in a
i	 random copolymer in a one step process could be made with a
non random distribution by a multi-step process.
I'.
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	 Chapter I
INTRODUCTION
E
The overall goal of this research was to investigate the
chemistry and physics of poly(arylene ether sulfones) with
the hope of improving their enviromental resistance charac-
teristics. Thus the scope of this investigation is multi-
disciplinary and involves various aspects of polymer synthe-
sis and physical behavior. To introduce the reader to many
of the terms used in subsequent sections, the following
sections begin with a general discussion of condensation
polymers, copolymer types and their characteristics. Since
our research here is concerned with poly(arylene ether
sulfones), a detailed literature of the synthesis and poly-
merization mechanisms for polyethers in general has been
provided. Sections on solvent induced crystallization
(SING), sequence distribution of monomers in copolymers and
environmental effects on mechanical properties are also
described.
1-1 STEP GRC ITH PO LYMERS
Step growth or condensation polymers are formed by the
reaction of two functional groups, with or without the
elimination of by-products and the formation of a third
functional group. The following esterification reaction
will serve as an example.
1
2R-OH + HOOC-R 4====2 	 R-OOC-R + H2O	 (1)
here the alcohol is shown reacting with an acid to form an
ester with elimination of water. However, for the formation
i
of a linear polymer the two reactants must be bifunctional.
Thus a polyester can be synthesized by two general methods.
A-B we
In this approach the bifunctional reactant (monomer)
contains both functional groups, that is, the hydroxyl -OH
and the carboxy -COON. The reacting monomer is thus
bifunctional.
	
n (HO- R- COON ) ---+ HO-{ R COO--3— R- COOH + ( n-1) H 20
	
(2)
n
A-A + B-B 1YR!
The two functional groups here are present in different
molecules. Both monomers are bifunctional and the polymer
forming reaction is shown below.
n HO- R-OH + n HOOC-R-000H
	
HO-{- R- COO--) - R-- COOH + 2 (n-1) H 2 0 	 ( 3 )
Most polycondensation reaction are reversible and
therefore the removal of by-proAuct from the reaction zone
is essential for the synthesis of high molecular weight
polymers. In general the polymer may be represented as
follows.
n -
.r
3Here R is a
group, etc.
NHCO-, etc.
is known as
R-X-R-X-R-X-R-X-R-X-R-X-R-X 	 (4)
divalent groups such as -(CH2)- or a phenyl
and X is a functional ': nkage like -0-, -CO-,
If all Rs and Xs are the same then the polymer
a homopolymer and may be represented as:
*-R-X-+n
	(5)
{#-
If *.sere is more than one type of R or X then one may define
this system as a copolymer. For example:
	
H0-R-O00H + HO-R'-COON —+ Copolyester 	 (6)
i
HO- R-OH
	
+ HOOC-F-COON ---+ Copolyester	 (7)
HO-R'-OH
1.2 COPOLYMER ARCHITECTURE
The copolymers formed may be random or block copolymers,
depending on the distribution of the monomer units in the
polymer backbone. A random copolymer is characterized by a
statistical distribution of monomer -.inits, while in a block
copolymer relatively longer sequences of the two monomer
units are terminally connected. Within the yeneral category
4of block copolymers, there are several architectural
variations that describe the sequential arrangement of the
component segments. It is a prime consideration in defining
the synthetic technique to be used in preparing a specific
block copolymer structure. Furthermore, this factor plays a
dominant role in determining the inherent properties
attainable with a given pair of segments. Four of the basic
architectural forms are shown in Figure 1. The simplest
arrangment is the diblock structure, commonly referred to as
the A-S block copolymer, which is composed of one block of A
repeat units and one block of B repeat units. The second
form is the triblock or the A-B-A block copolymer structure,
consisting of a single block of B repeat units located
between the two blocks of A repeat units. The third basic
type is the (-A-B-)n multiblock copolymer, which contains
many alternating A and B blocks. The unique elastomeric
behavior of A-B-A and (-A-B-)n block copolymers is
responsible for the development of an entire new
technology-thermoplastic elastomers, In these systems, the
hard blocks associate to form small morphological domains
that serve as physical cross-linking and reinforcement
sites. These sites are thermally reversible, i.e., melt-
processibility is possible at temperatures above the hard
block Tg
 or Tm. On the other hand, diblock copolymers are
incapable of producing network structures, since only one
end of the soft block is chemically linked to a domain of
hard segments. The fourth type is the radial block
n
L Bloc
Block
EA-B)hArchitecture
C
-Point Radial	
d	
t-Point Radial
--
L	 5
A Blocks
	
B Blocks
1
A-B Architecture
a
^ 	 A Domes s	 Blocks	 A Block,
^	 1
i
A-B-A Architecture
b
A Blocks^  ',^` A Domains B Blucks
` 
- 
^M
Figure 1. Schematic representation of various block copelyirfer
architectures.
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6copolymer. This structure takes the form of a star-shaped
macromolecule in which three or more diblock sequences
radiate from a central hub. Two such arrangements are shown
in Figure 1. In these systems, in general, the block
molecular weight generally ranges from 10,000 to 100,000
daltons, e.g., as in a typical styrene-butadiene-styrene
(SBS) system.
Segmented copolymers may be differentiated from the
block copolymers in the following aspects. First, the num-
ber of hard and soft segments in a segmented copolymer is
often greater than in a block copolymer. Secondly, the
molecular weight of both segments is typically low (1000-
4000 gm/mole) relative to typical values of 10,000 to
100,000 gm/mole for block copolymers. Thirdly, the seg-
mented systems often have inter and intra-segmented hydrogen
bonding (though not necessarily) whereas block copolymers
often do not. Figure 2 schematically illustrates the two
phase nature in the styrene-butadiene-styrene and segmented
polyurethane systems.
An important characteristic of both the block as well as
the segmented copolymers is their ability to undergo
microphase separation. In a material composed of units of A
and B, which have an endothermic heat of mixing, there is a
tendency for phase separation. The characteristics of the
block copolymer molecules impose a restriction on this
segregation and this leads to a microdomain formation. From
a thermodynamic point of view, there is a positive surface
-t
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Figure 2 (a). Phase arratipment in SGS and S-I-S block copolymers
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b
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8free energy associated with the interface A and B domains
and it is on this basis that the equilibrium domain size and
shape is determined. Current thermodyamic theories for
phase separation in block copolymers are given by Krause
(255-58), Meier (259-63), Helfand (264-66) and LeGrand
(267).
Krause analysed the microphase separation from a strict-
ly thermodynamic approach based on microscopic variables and
assumed that complete phase separation with sharp boundaries
between the phases occurs. Though this analysis fails to
predict the type of morphology or enable one to obtain
microphase dimensions, it is very useful in demonstrating
the influence of the number of blocks on phase separation.
On the other hand, Meier developed a criteria for the form-
ation of domains and their sixes in terms of molecular and
thermodynamic variables. He treated the constraints that A
and B blocks must be placed in separate domains as boundary
valves in a diffusion problem. His model predicts the size
of an assumed spherical domain in terms of the average
end-to-end distance of the random flight chain for the
constitutive blocks (259). Extending this model in the case
of cylindrical lamellar domains, Meier (260-1) predicts the
trand of domain formation. With a change in molecular
weight of one constituent block, the domains changes from
spherical to cylindrical lamellar. Helfand's formulation of
statistical thermodynamic model, based on the so-called
mean-field approach, is similar to tha l  of Meier. However,
9this treatment has no adjustable parameters. LeGrand has
developed a model to account for domain formation and
stability based on the change in free energy which occurs
between a random mixture of block copolymer molecules and a
micellar domain structure.
Two important characteristics of these systems which
affect phase separation are the solubility parameter of the
individual blocks and the average segment length. As a
matter of fact, depending on the above characteristics, the
properties of segmented copolymers may vary from those of
random copolymers to those of thermoplastic elastomers. The
former generally has been observed in systems which have
either short segment lengths of similar inter-and intra-
segmented secondary binding forces or both. The solid-state
structure of these compatible segmented polymers is rela-
tively homogeneous, with the copolymers displaying proper-
ties approximated by a weighted average of the two segments.
However, most of the segmented copolymers exhibit a two-
phase structure and may be thermoplastic elastomers. As
their name implies, thermoplastic elastomer exhibit some
characteristics of chemically crosslinked elastomers yet
differ from vulcanized rubbers in that they will soften and
flow at elevated temperatures. The resultant simplified
processibility of these copolymers is a direct consequence
of their unique morphology. At service temperatures, one of
the components is viscous or rubbery (soft segments) while
the other is of glassy or e.omicrystalline nature (hard
A
I10
segment). The usual properties of these copolymers are
directly related to their two-phase microstructure, with the
hard domain acting as a reinforcing filler and multi-
functional cross-link. Because of the relatively short
segment length and its molecular weight distribution, micro-
phase separations are generally incomplete, suggesting im-
pure domain and interfacial regions comprised of a mixed
phase in which there is a gradient of composition. The ex-
tent of interphase mixing and how it is affected by sample
fabrication methods also can control many of the important
properties of segmented copolymers.
1.3 SYNTHESIS OF CONDENSATION COPOLYMERS
Random copolymers represent the simplest means of intro-
ducing two chemically different monomer units into the poly-
mer. The reaction is carried out by reacting a mixture of
the two monomers simulataneously. The multiblock copolymers
may be synthesized either by reacting preformed oligomers
with mutually reactive end groups or oligomers and monomers.
Reactions 6 and 7 would be expected to result in random
copolymers while reactions 8, 9, 10, and 11 would produce
block copolymers.
11
3
t.	 Oligomer/Oligomer Coupling
(n)HO-(-R-COO-)-R-OH + (n)HOOC-(R'-COO-)-R'-COON
i	
(oligomer)	 (oligomer)
i
HO{-f-R-COQ-}-R-OOC--(-RI -CO") --R COOH + 2 (n-1) H2O	 (8)
(multiblock copolymer)
HO-(-R-COO-)Ii + HO-(-Re-COO-)-H
(oligomer)	 (oligomer)
	
HO-{{-R-C00--}---f-R'-COO-11 -H	 (9)
(multiblock copolymer)
Oligomer/Monomer Coupling
HO-f -R-C00^}-R-COON + y HU- R' -COON
(oligomer)	 (monomer.)
HO- { -R-COL). -R--{ COO- R' --^- } COOH + Ill()	 (l0)
(block copolymer)
(
12
(n) HO-R-OH + (n)HOOC-R-000H
(monomers)
+	 block copolymer	 (11)
(n) HOOC-{ R' -C00-}-R' -COON
(oligomer)
Note that the above reactions do not consider ester inter-
change processes. Reaction (8) gives rise to perfectly
alternating copolymers, since it utilizes well characterized
mutually reactive oligomers. Therefore, the description of
the final architecture of the block copolymer is thus more
precise. Most copolymers of poly(arylene ethers) are random
in nature due to the ease of synthesis and the equilibrium
or redistribution nature of the reaction.
Characteristics of copolymers with special reference to
poly(arylene ethers) are described in later sections.
1.4 GENERAL ASPECTS OF POLY(ARYLENE ETHERS)
Poly(arylene ethers) belong to the class of materials
known as so called engineering thermoplastics. They are
tough rigid materials with good mechanical and thermal prop-
erties. They can be used continuously under load bearing
conditions over a wide range of temperature perhaps up to
40-50'C below their glass transition temperature is possible
13
by conventional methods such as injection molding or ex-
trusion techniques, into products having excellent hydro-
I	
lytic, thermal and dimensional stability. This section re-
views the work done in the technical development of poly
arylene ethers, their synthetic routes and their structural
variability.
Aromatics such as benzene, naphthalene, anthracene,
etc., are thermally stable products obtained from the de-
structive distillation of coal. The search for engineering
thermoplastics logically culminated with aromatics in the
polymer backbone. If the aryl units are linked with therm-
ally stable functional groups, for example, >S0 2 , >CO 3 -0-,
etc., one can also import a controlled amount of flexibility
i
	 or tractability, which can enhance processing and ductili-
ty.
At the same time the introduction of the above groups,
can both contribute desirable engineering properties and
also provide alternate routes for their synthesis. The
ether group is of course the predominant linking group in
these polyarylene ethers. In this connection several
interesting characteristics of the ether linkage are worth
mentioning. The carbon-oxygen bond has a lower potential
barrier to rotation, lower excluded volume, and Vander
Waals interaction characteristics than the carbon-carbon
bond. These factors may contribute to the ease of coiling
and uncoiling of the chain and thus impart great chain
flexibility. The aryl ether bond is also well known to
14
display greater hydrolytic stability compared to other polar
functional groups such as amides, esters, etc.
The development of synthetic techniques, capable of
producing useful high molecular weight polymers, has evolved
only in the last twenty years. From a mechanistic point of
view, only three synthetic routes to poly(arylethers) are
available. These are nueleophilic aromatic substitution,
electrophilic aromatic substitution and oxidative coupling.
The first two methods permit a wide range of polymers to be
prepared whereas the oxidative coupling is restricted to the
polymerisation of substituted phenols. The three methods
are reviewed in this section and specific synthetic
procedures are also provided.
1.5 POLYPHENYLENE OXIDE
This the simplest ( least substituted) polymer of the
poly ( arylene ether) family. Ironically, the commercial
synthesis of this polymer might be via the Ullmann ether
synthesis of halide substituted phenols (3,4).
Cu
HAL— 
0 
--ONa ------+ ¢-- O ---0-^	 (12)
However, most investigators have been only able to produce
law. molecular weight polymers (5-8). Stamatoff ( 9,10) and
others produced high molecular weight polymer by modifying
the Ullmann ether condensation of p-bromo-sodium phenolate.
•
15
The reaction Was catalysed by cuprous chloride and an
organic base. High temperatures as well as anhydrous and
oxygen free atmosphere were also essential to produce high
E
molecular weight polymers. Inert high boiling compounds
such as nitrobenzene, benzophenone, dimethyoxybenzenes, etc.
were used as solvents. H. M. Van Dort (11) repeated and
extended the work of Stamatoff. High molecular weight
polymer was obtained even though the Ullmann condensation
itself was somewhat unreproducible. Non linear and/or
crosslinked polymers s ,:emed to the the major side products.
Pankofa (12) reported :hat even traces of oxygen promoted a
free radical side reaction, forming branched and crosslinked
products. Robeson et al. (21) successfully synthesized
linear high molecular weight polymers by reacting sodium
bisphenate with aromatic ditalide under similar conditions
(See Table 1). Such a technique had been earlier outlined
in the patent literature by Farnham and Johnson (308).
CUC12
H O	 OH Br-&
OX_^
	 —2000-
204° C
0" 4 CO-  0	 X-- O --}n + NaBr (13)
Where X = O,	 , or a chemical bond. Typical reaction
conditions used were as follows. A solution of bispheilol-A
disodium salt
	 6(H20) was refluxed in toluene in a round
-a
16
bottomed flask fitted with a dean stark trap to remove
water. bensophenone was added and toluene distilled off to
a pot temperature of 210 0C. After cooling, an equimolar
amount of 4,4'-dibromobiphenyl and a catalytic amount of
CuC12 -pyridine solution was added under strictly nitrogen
atmosphere. The mixture was heated for 6 hours at
1215-21M. The product was cooled # diluted with toluene,
coagulated in alcohol and dried to give high yields (> 900)
of polymer exibiting good thermal and mechanical properties.
Some of these are shown in Table 1.
1.5 MECHANISM
Although the Ullmann condensation has been known since
1904 (3), it was not until 1951 that Sunnet and Zahler (13)
proposed a nucleophilic aromatic substitution for the
reaction. 'heir mechanism was useful, but rather
incomplete. A more detailed mechanism was proposed by
H. Weingarten (14,15). Several important points were noted.
(1) Copper (I) wag believed to be the catalytically active
form.
(2) The halogen reactivity decreases in the order
I>Br>Cl>>F.
(3) The nature and po. , i + ion of s. uhat ituent effects were
similar to previously studied aromatic nucloephilic
substitution.
(4) The order of the reaction was found to be first order
in catalyst and in halobenzenes, respectively, but a
variable order was noted for potas:,ium phenoxide.
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Scheme I was stated to be consistant with the above
observations.
Scheme 1
CuBr + KOAr -----+ CuOAr + KBr+
CuOAr + KOAr	 K+Cu-` (OAr )
1	 Ar	 ^I _
I	 I	 I	 K+
I	 0	 I
I	 I	 I
K+CU- (OAr) + BrAr «----+	 i	 Cu-OAr	 f
I	 +	 1
I	 I
I	 Ar	 I _
CuOAr	 I	 I	 I K+
k	 I	 O	 I
O	 --	 I1	 I
slow	 I	 Cu	 I
0o	 I	 II	 oAr i
jBr	 II	 I
Here the copper (I) is envisioned to first interact with the
electrons of the aromatic halide. The validity of this
mechanism has been further substantiated by the isolation of
cuprous ion-benzene complexes (16).
Scope of Reaction.
The role of the solvent in the polymer forming reaction
is not very critical (21) provided that it is inert and high
boiling. The majority of solvents employed contain a het-
eroatom, having a lone pair of electrons in their molecule.
The Ullmann reaction can be accompanied by side reactions,
19
such as reductive dehalogenation (17), Ulmann coupling (4)
and branching or crossliaking, due to the formation of radi-
cals (12). The reaction conditions• solvent and the nature
of the aromatic halide play an important role in the rela-
tive contr s.butions to the main and side reactions. Shein
(18-20) has reported high yields and faster rates of model
ethers by the use of potassium carbonate and free phenol in-
stead of preformed phenoxide. Bacon (22,23) and Tomita (24)
reported the use of CuO, free phenol and aromatic halide for
alkali sensitive compounds. Here Cu (I) oxide was proposed
to function as both a base and a catalyst. These observa-
tions could well increase the scope of the polymer forming
reaction.
1.6 OXIDATIVE COUPLING
The synthesis of unsubstituted polyphenylene oxide via
an Ullmann condensation was discussed in the previous sec-
tion. Chain branching and other side reactions were sug-
gested as being due to free radical intermediates. High
molecular weight linear polymers could be obtained by care-
ful exclusion of these reactions. Interestingly, in this
section, high molecular weight polymers are obtained by a
radical mechanism termed "oxidative coupling". The use of
ortho-di-substituted phenols and careful choice of the re-
action system permits very high molecular weight linear
)
polymers to be made in a relatively short reaction time.
i
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In 1959, Prof. C. C. Price, at the University of
Pennsylvania and Dr. A. S. Hay, at General Electric almost
simulataneously and independently reported the synthesis of
poly (2 0 6 1 dimethyl 1,4 phenyleneoxide). In recognition for
their contribution in understanding the reaction and the
general behavior of phenoxy radicals, they received awards
from the American Chemical Society (1974) and the Society of
Plastics Engineering (1975), respectively.
Although the mechanisms of the two methods may well be
quite similar, there are some intrinsic characteristics that
warrant separate treatments, as discussed below.
1.6.1 OXIDATIVE DISPLACEMENT
Hunter (25), while extending the scope of the Ullmann
ether condensation, reacted ethyliodide with silver salts of
trihalophenols and obtained an amorphous product. After a
detailed (26) study of the reaction the following
conclusions were reached:
(1) Only halogen attached directly to the phenol reacted.
(2) The order of ease of displacement of the halides is
I>Hr >C1.
(3) The par& halides were more labile than those at the
ortho positions.
(4) The product formed by the displacement of the halogen
was macromolecular in nature.
T Y
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The polymer forming reaction was summarized as below.
n C6H2Br30-Ag+ _ (C6H2Br20) 
n 
+ nAgBr	 (14)
Since then, several workers (27-30) have modified this
reaction with the hope of understanding the mechanism and
acLieving high enough molecular weight for good engineering
properties. The choice of highly halogen substituted phenol
produced low molecular weight and/or branched polymer. The
most notable contribution towards the synthesis of moderatly
high molecular weight polyether was by Price and coworkers
(31). They studied the reaction of 4-bromo 2,6 dimethyl
phenolate ion with a number of oxidizing agents which Cook
(32) and Dimroth ( 32) had earlier used to generate stable
2
1
free radicals. Typically, 1-108 mole percent of the
oxidizing agent (Reaction 15) was used and the linearity of
the polymer was confirmed by the presence of one bromine
atom and one phenol group per chain.
H3	CH3	 CH3	 CH
*	 (15)
Br O OH —^^ Br- (^ U ^} 0 ^ OH
H3
	
	CH3	 CH 	 CH 
*oxidizing agent
This reaction is extremely rapid and substantially complete
in less than one minute. Reactions run to 25-508
conversions produced polymers which had about the same
intrinsic viscosity as those carried to 90-958 conversion
G,
fI
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under oxidative coupling conditions. This is reminiscent of
oxidative coupling which is discussed in the following
section.
A typical procedure utilized by Price et al, is given
below. A one liter three-necked flask is fitted with an
efficient stirrer, a dropping funnel, and a gas dispersion
tube connected to a stream of purified nitrogen. A solution
of 5 g of potassium hydroxide in 200 ml of water, S g (0.04
moles) of 4-bromo 2,6 xylenol and 200 ml of benzene is
introduced. The stirrer is started and 1.3 g of potassium
ferricyanide in 20 ml of water is added dropwise over a
period of 30 minutes. After an additional 15 minutes of
stirring, the mixture is transformed to a separatory funnel
and the aqueous phase is drawn off the bottom. The benzene
layer is concentrated by evaporation under reduced pressure.
This concentrated solution is poured in acidified methanol
to coagulate the polymer. The dried polymer obtained in
>90% yield had an intrinsic viscosity (n) 0.5-0.6 dl/g in
benzene.
1.6.1.1 MECHANISM
Since oxidizing agents used for polymerization were
originally used to produce free radicals, Price (34)
PROPAGATION
R	 R
ArO • + Br 
o 
O-	 Ar ^.^+ -O + Br 	 (17)
R	 R
TERMINATION
+(_ -
^+NNNNAI'O • -----•-• -^-^---ArOH	 (1a)
The heterogenous nature of the reaction (benzene/water)
complicated the mechanistic interpretation. More recently
(35) the following mechanistic steps ( Reactions 19-23) were
proposed.
MONOMER ACTIVATION
BrArO + I• --, BrArO. + I (Initiation)
GROWTH:
,u-,,,ArOs + BrArOo
0	 (22)
BrL
n^-.-.-.ArOArO + Br.
REDISTRIBUTION:
2 ",\,,\,,\,-.%ArOArOo
ArO
0	 (2 3 )
t	 ",,,-%nArOArO
tiqo-n-Ar0 • + ,,,%,\,,\,ArOArOArO. , .	 . I
Pleactions 19-21 generate the phenoxy radical. 1eaction 21
is reversible and the wain factor affecting, the: equilibrium
constant 9 , is the relative stability of the anions. The
oligowsric radical is more stable than the monomeric phenoxy
radical, which is the reason the system tends to quickly
oligowerise. This accounts for the initial chain like
behavior.
1.6.1.2 SCOPE OF REACTION
The reaction has been initiated by several one electron
initiators such as iodine (31,36,37), lead, silver, and
copper oxides and their salts (38-42, 44), potassium
permanganate (31,34,45) and organic or inorganic peroxides
(42,46-48). A wide variety of solvents have also been used.
The use of dipolar aprotic solvents such as DMF, HMPT, DMSO,
DMAC, etc. gave a higher yield of polymers (49,35,42).
Proper combination of initiators and solvents has largely
extended the scope of the reaction. Thus phenols with
phenyl allyl or n-propyl groups in the ortho position have
been used for polymerization (50,51). Surprisingly the
allylic double bond is inactive towards the growing radical.
Polymerization does not take place with bulky substituents
such as t-butyl or strong electron acceptors such as
carbo:ty, fluorine, nitro, etc. Many workers have studied
the formation and homolytic decomposition of phenoxo metal
complexes (43j44).
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1.6.2 OXIDATIVE COUPU i
An important synthesis route to poly(2,6 diaNthyl
phenylsne oxide) is carried out by the oxidative coupling of
xylenol. This is partially the basis for the commercially
important "NORYL RESINS" of the General Electric Company.
Nay (52) extended Terentev and Mogilyanskii's (52) methodto
the oxidation of phenols. He found that 2,6-dimethyl phenol
could be effectively oxidized to yield a tough and flexible
product. The structure of the polymer was soon discovered
to be poly (2,6-dinothyl 1,4-phenylene oxide).
A general reaction scheme given below shows the polymer
forming reaction along with the competitive side reaction.
R
O-O	 (24)
n
R
R
R
R
	
R	 R
	
on-
	 _	 =0	 (25)
R
Diphenoquinones were obtained as the major or minor product
depending on the substituents. The effect of several
different substituents are shown in Table 2.
fi
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TABLE 2
RIFSGT OF GRT80 PHENOL 8UB$'1'ITU	 QM THE PRODUCT OF
COUPLING ( ref .' 52)
Liz
OXIDATIVE
R R' Principal product
E Methyl Methyl Polymer
Methyl Ethyl Polymer
Methyl t-butyl Diphenoquinone
Methyl Phenyl Polymer
- Methyl Methoxy Polymer
Ethyl Ethyl Polymer
i-Propyl i-Propyl Diphenoquinone
t-Butyl t-Butyl Diphenoquinone
Chloro Chioro Polymer
Methoxy Methoxy Diphenoquinone
Nitro Nitro No Reaction
2$	 f
Reactions of unsubstituted and mono substituted
I)henols yielded crosslinked or branched polymers. The
reaction has been most successful with phenols having small
electron donating roups in the ortho positions. When bulky
groups are present, carbon-carbon coupling predominates and
diphenoquinone is the major product. A typical procedure	 -
(52) is outlined below.
To a 500 al wide-mouthed Erylenweyar flask in a water 	 3
bath at 30 0 C equipped with a vibromixer stirrer, an oxygen
inlet tube and a thermometer are added nitrobenzene (200
i
ml), pyridine (70 ml) and copper (I) choloride (1 g).
Oxygen (300 a/min) is bubbled through the vigorously stirr-
ed solution and then 2,6 dimethyl phenol (15 g. 0.12 mole)
is added. Over a period of sixteen minutes the temperature
rises to 33 9 C and the reaction mixture becomes viscous.
The reaction is continued for some more time, then diluted
with chloroform (100 ml) and coagulated in methanol (1.1
liter), containing concentrated hydrochloric acid (3 ml).
The precipitated polymer is filtered and washed with metha-
nol (250 ml) then with methanol (250 ml) containing concen-
trated hydrochloric acid (10 ml) and finally with methanol
(250 al). The polymer is dissolved in chloroform (500 ml),
filtered and reprecipinated in methanol (1.2 liter) con-
taining concentrated hydrochloric acid (3 ml). After wash-
ing with methanol and drying at 100 0 C (Smm) for 3 hours
yield of 13.5 g (911) cf almost colorless polymer is ob-
tained ((nJ in benzene at 309 C = 0.96).
f
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1.6.2.1 Mi,,,I811
initially it was felt that the reaction was probably
an "addition type" of polymerisation, that is, the reaction
proceeded by sequential addition of monomeric phenols to
the end of a growing Chian. However, finders (SS) showed
that kinetically the propagation behaved as a step growth
polymerisation. uwaitek (S6) confirmed this by
polymerising digs. Isolated low molecular weight
oligomrers could also be polymerised to high molecular
weight. Although the overall mechanism is still not
eomiplotely understood, at least in the open literature, the
generally accepted propagation mechanism (57-59) is
represented by Equation 26. 0
0	 RR
R	 R	 I
0^^	 0
R	 R
^p 	^O R	 ^^.,
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The quinone ketal intermediate is of course unstable
and told dissociate either to give two new arylony radi-
cals or the starting dieters. This process eventually leads
to polymers. Alternately #
 the quinone ketal could re-
arrange directly in a wanner analogous to the bensidine re-
arrangement to give a tetraweter. Although this mechanism
is more generally accepted, it does not account for various
observations. Any mechanism proposed needs to be con-
sistent with a large number of observations.
(1) Typical free radical scavengers do not inhibit the
reaction.
(2) High activity is obtained with only basic salts of
copper.
(3) Ligands that form strong bonds with the central ion
do not catalyse the reactions. The catalytic activity
increases as the stability of the ligand decreases.
(4) Copper compounds capable of combining with two
phenoxy ions do not show any catalytic activity.
However, basic salts catalyse the reaction only in
the presence of oxygen.
(S) The electronegativity values of phenols and divalent
copper are 3.0-3.2 and 2.0 respectively. Therefore
the oxidising agent has to be a complex of Cu++
rather than just a Cu++ basic salt.
(6) The head to tail orientation and conditions that
dictate C-C coupling versus C-O- coupling.
iu
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(7=) .one initiation of the polymerisation is caused by
electron transfer between the xylenol anion and a
transition metal ion.
(t) ?be formation of monomeric and polymeric pbenoxy
radical using A90# PbOi etc.
(9) Diners and trimsrs can also fors polymer.
(10) OR detectable level of polymeric radicals is not
obtained for copper catalytic system.
(11) Auto-oxidation of copper (I) chloride in pyridine
results in the absorption of one sole of oxygen per
four soles of cropper ( I) chloride.
(12) Copper (II) salts have been found to be inactive as a
catalyst.
(13) Low ratios of ligand to copper yields predominately
C-C coupled product. when the ligand ratio is
increased to a 10/1 ratio and higher, only minor
amounts of diphenoquinone are observed.
(14) when strongly basic bidentate ligand is used, a sharp
break occurs at 2N/Cu above which almost exclusive
C-© coupling occurs.
(15) Increasing the size of the ligand coordi.:^:te to
copper favors C-C -coupling.
(19) Bulky ligands favor the C-4 coupling of o-cresols.
(17) The polymerization reaction behaves as a typical
condensation reaction, in the sense that molecular
weight increases slowly with conversion.
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(18) Nethoxylated phenols were unreactive in the presence
or absence of monomers.
(19) In the oxidative polymerisation 2 #6 xylenol 3-0 and
2,6 xylenol -4D, 16% of to label in the former was
lost and 23% of the label in the latter was retained.
(20) Monomer and trigs are formed from disubstituted
dieters but not from unsubstftuted or monosubstituted
dieters.
(21) Oxidation of rhenols such as 1, yield 2
o-a-o-an_ a
(22) Redistribution of xylenol dieters occur with other
phenols.
(23) Replacement of one methyl by t-butyl or both by i-Pr
leads to diphenoguinone as the main product.
(24) The rate of phenol oxidation under Hay conditions
(52) is first order in catalyst, first order in
oxygen pressure and zero order in phenol.
1.6.2.2 SCOPE OF REACTION
Suosituted phenols have been widely used and studied.
The ortho disubstituents have been small alkyl and alkoxy
groups such as methyl and ethyl (69-152). Other phenols
like halogenated xylenol (131), o-cresol (91,135,136)1
1
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son*, d3 and..tri halogenated .phenolS (d5,v119,124,:131) also
yield poly"ra of relatively lower molecular weight.
Polymerisation of unsubstituted phenols and naphthols have
also been-attespted (121 0 132 0 114),_A wide variety of
transition Mtah Salta-and cowlexes have been used. Mast
coaWM salts are of capper (62.75-83,85-96,98,100,144-122,
124Y, manganese_(60-63,68-74,900197-104,106-8,133-125),
cobalt (64,88 1 128) and nickel (62,98), etc. Organic amines
like alkyl (64,65,68,69,79,84,87,93,94,98,106,117,122-127)
alkanol (61,66,71,90,97,99,101,108,114,135,139,144)
pyridine and pyridine derivatives (60,62,63,75,76,85,95,
100,104,115,121) as well as inorganic bases like NaOH (70)
KOH (74,89) and NH40H (107) have been used. in all cases
the ratio of organic base to metal complex has been high.
The most commonly used solvents have been toluene, benzene#
chlorobenzene and chloroform. Interestingly, radical
acceptors such as styrene (79), vinyl pyridine (75,76),
etc. have also been used as a solvent. In the latter case
only low molecular weight oligomer was obtained. The
reaction is usually carried out at room temperature (30°C)
for 3-6 hours. In all processes diphenoquinone is the only
major side product. By careful optimization the diphenyl-
quinone content can be reduced to less than 0.01• (62,74,
78,88,92).
1.7 POLY(ARYLENE ETHER SULFONES)
The last two sections dealt with the ether linkage as
the principal functional group between the aromatic nucleus
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in the polymer backbone. This section reviews 'macro
molecules containing both ether and sulfone groups. -- The
choice of the sulfone 'group is because of the thermal
stability of diphenylsulfones and their *Ul-fonylation
chemistry. In principle, the poly(arylena)ethersulfones
can be synthesized by either polyetherification or via
polysulfonylation. Thus in the early 1960'x, Union Carbide
Corp (UGC), 3M Co., and ICI (U.K.) independently and almost
simultaneously, patented routes for the synthesis of aro-
matic polysulf ones. All of these firms have since com-
mercialized their discoveries under various trade names
(Table 3). The 3M product is no longer produced.
The two methods used to synthesize poly(arylene ether
sulfones) are by polyetherification and polysulfonylation
as shown in equations (27), (28), (29) and (30). In poly-
etherification, the sulfone group is already present in one
or both of the monomers and the ether linkage is formed via
aromatic nucleophilic substitution in a dipolar aprotic
solvent. By contrast, polysulfonylation involves the
formation of the sulfone linkage between ether containing
monomers and proceeds via electrophilic aromatic substitu-
tion. The latter reaction is conducted in the presence of
a Friedel-Craft catalyst. Some examples are listed in
Table 5.
3S
UNION CARBIDE CORD, UDEL
(-OS02^0^0n+a^-O-) n
TABLE 3
PROBABLE STRUCTURES OF COMMERCIAL POLYSULPONES
3Mf ASTREL 300
( -(( )}---	 )}S02 ) n 
	 S02) n l 4
ICII 200P
:moo °OO-^,-,n
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O-O-SO2-0-F DMSO
--►
 (O- ^ -SO2 ^ 
-1C1-0 (28)
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POLYETHERIFICATION
^ ♦ `1 	 ^S42-	 Cl DMSO+CI-0
(O-CH-OO<-OD-SO2-O-)
11
(27)
POLYSULFONYLATION ( ref. 156)
FeC13
nC102 S	
-SO2C1 + n 0
	
-.-.-..---..
-S02- 	 S02-00 -0-no n
0
0_0
	
FeC13^
SO2C1
	
-+ a -S02-0-0-
These two reactions complement each ether, and will be
discussed separately.
(29)
(30)
)
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197.1 POLY RTRRRIFICATION
in 1967, Johnson et al. (154) described the synthesis
of a large number of high molecular weight poly(arylene
ether sulfones) via condensation of bisphenates with acti-
vated aromatic dihalides. An important consequence of this
work was the synthesis of bisphenol-A polysulfone, derived
from the disodium salt of bisphenol-A and dichlorodiphenyl-
sulfone and currently marketed by Union Carbide as UDEL
POLYSULFONE. In this reaction the ether bond is formed via
the displacement of the halide by the phenoxide. Thus
although the bisphenol may contain the sulfone group, this
group forms an essential part of the dihalide. The elec-
tron withdrawing nature of the sulfone group activates the
dihalides, thus facilitating displacement. A typical pro-
cedure (154) is discussed below.
Into a 1 liter stainless steel resin kettle, fitted
with an inert gas sparge tube, thermometer, mechanical
stirrer, dropping funnel and Dean Stark trap with condensor
is placed high purity bisphenol-A (51.36 g 0.225 mole), di-
methyl sulfoxide (DMSO) (115 g) and chlorobenzene (330 g).
The mixture is heated to 60-80°C and exactly 0.45 mole of
50.0% aqueous sodium hydroxide is added. The system is
heated to reflux while sparging inert gas through the re-
action mixture. Most of the water is removed as chloro-
benzene/water azeotrope. In doing so, the temperature of
the reaction mixture rises to 140 0 C. The temperature is
raised to 155-160 0 C by distilling off chlorobenzene. A 50%
I
u
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solution of dichlorodiphenylsulfone (64.61 g 0.225 moles)
in dry chlorobensene maintained at 11000 is added over a
period of about 10 minutes, the excess solvent being allow-
ed to distill at a rate sufficient to maintain the reaction
temperature at 160 9C. In one hour at 160°C high molecular
weight polymer is formed. The polymerisation may be termi-
nated by passing methylchloride into the polymerization
mixture when the desired degree of polymerization is reach-
ed.
The viscous polymer solution is then cooled and
diluted with chlorobenzene (about 700 g) and filtered to
remove NaCl. The resulting clear solution is coagulated in
3 or 4 volumes of methanol and dried in a vacuum oven at
130°C for several hours. The yield is nearly quantitative.
1.7.1.1 MECHANISM
Bunnett and Zahler proposed an aromatic nucloephilic
substitution for similar monofunctional model compounds.
(13) Schulze and Baron (155) studied the kinetics of the
polymer forming reaction and concluded that the observed
rate constant was first order in phenoxide and activated
halide concentrations, respectively. Rose et al. (156)
studied the effect of substitution on the polymer forming
and hydrolysis reaction. Based on their observation and
the above kinetic data they proposed the following mechan-
ism.
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0	 0
1	 slow	 I!	 C1
S-0
^-Cl + a	 - -------^-+ -S ( - )
0	 v 0
Activated Complex
e^
we
0
II	 e
_' ^ ^ + C1
v v ,
0
The reaction is envisioned to take place in two steps,
and involve an activated complex intermediate. The first
step is the slow rate determining step. This accounts for
the overall second order reaction. The sulfone group plays
a very important role in activating (157) the halide and
forming the stabilized intermediate complex (158).
HO	 Hal HO	 Hal
0
O
S O C1 -+	 U	 (32)II
0	 I	 11
	
0=S=0	 O=S-OeI	 I
The order of reactivites of the halides in the activated
systems has been observed to be ( 156,159) p >O>>m and
F>C1 >> Br, I. Aromatic halides which do not contain
(31)
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powerful electron withdrawing groups such as sulfones are
unreactive and in the absence of' such -groups the reaction
i• sot suitable for the synthesis of high polymer (At
least without a catalyst). The more basic (less acidic)
phenols are more reactive in halide displacement.
1.7.1.2 SCOPE OF REACTION
Table 4 shows the different bisphenates, activated
dihalides, solvents and base used in making a wide variety
of polymers.
1.7.2 POLYSULFONYLATION
Although the sulphonylation with sulphonylchlorides
under Priedel-Craft conditions have been known to give high
yields of monomeric sulfores (197), it was only during the
last twenty years that this method was reported for the
preparation of high molecular weight polymers (198). Two
different routes, involving electrophilic aromatic
substitution were employed to prepare bisphenol-S
polysulfone as shown below (199).
H3PO4
00-0 ♦ H03g- ( ) ^ o-S03H
[ao- 
&OSO2]
 (33)
+ C102	
-SOZC1 -	 3D 	 O O 3
=a ?i
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The first process involved the condensation of
}	 diphenyl ether with 4,4-diphenyletherdisulfonic acid in an
_	 o-chlorobensene-carbontetrachloride mixture to form short
i
F	 oligomers. Dehydration was then carried out by heating
under reduced pressure over phosphorous pentoxide. The
dried oligoiaers were then polymerized in polyphosphoric
acid at 240°C for four to eight hours.
In the second process, diphenylether was reacted with
4,4 1 -dichloroaulfonyldiphenylether in a nitrobenzene
solution containing a stoichiometric amount of A1C13 and
crosslinked polymer.
Cudby (200) investigated the synthesis of poly(aryl-
ethersulfone) via self condensation of p-phenoxybenzene-
sulfonylchloride. Contrary to what might be expected, the
reaction required only catalytic amounts of catalyst,
preferably ferric chloride and was carried out at elevated
temperature (<150°C) in the absence of solvent for an ex-
tended period of time. The reaction yielded high molecular
weight, less catalyst contamination and crosslinked polymer
compared to the corresponding two reactant technique. A
typical synthesis procedure is provided.
Required amounts of purified anhydrous ferric chloride
and the monosulfonylchlorides were melted under a nitrogen
atmosphere. The temperature was then raised t ,.. 190°C for
over 10 to 20 minutes, during which hydrogenchloride was
evolved. After cooling, the foamed mass was ground and
heated to 250 • C under reduced pressure for 2-3 hours.
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After cooling, the product was treated with a one percent
solution of acetylacetone in dimethylformamide at 100 °C for
ten minutes, filtered and the filterate coagulated. The
t
precipitated polymer was washed with acetone and dried
1	 Ft
under vacuum at 120°C.
1.7.2.1 MECHANISM
The mechanism of sulfonylation is in some ways
analogous to that of nucleophilic aromatic substitution, in
the sense chat an intermediate complex is formed (156).
H
A1C13	 0
0 
no
0
S	 - + HClt + A1C13
O
Again the formation of the intermediate is the rate
determining step.
a
1.7.2.2 SCOPE OF REACTION
Tables 5 and 6 show the various polymers that have
been made by this route. The choice of the catalysts for
electrophilic aromatic substitution reactions is limited to
those compounds which are needed only in catalytic
(34)
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quantities. Thus F*C1 3 , SbC13, or IrC13 appear to be most
widely used (156). The low catalyst levels aid in elimina-
ting side reactions and potential difficulties in purifying
the polymer.
As in the case of the nucleophilic condensation reac-
tions discussed earlier, the choice of available solvents
is limited. Although melt condensations do not require a
solvent, the high viscosities encountered in such processes
render control of the reaction difficult. The solvent also
allows hydrogenchloride to escape more readily without
foaming (201). Solvents such as chlorinated biphenyls and
nitrobenzenes are the most effective in this regard.
Rose (156) and Cudby (200) have investigated the ef-
fact of synthesis on the structure of polymers prepared by
electrophilic substitution reactions. As expected, the
self condensation of p-phenoxybenzenesulf onylchloride
yielded only (or at least mainly), the para linked polymer,
while the two reactant synthesis produced a mixture of both
the ortho and para producets. Polymers made by self con-
densation are shown in Table 6.
Employing NNR analysis, Cudby (200) has found that a
significant degree of chain branching may occur during
polysulfonylation. The exact mechanism was not clearly de-
fined, but appeared to be the result of disulfonylation of
single aromatic ring as shown following.
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1.7.3 MISCELLANEOUS SYNTHESIS OF POLYSULFONES
Poly(arylene ether sulfones) have also been obtained
by the oxidation of poly(arylthioethers). In principle
various oxidizing agents such as hydrogenperoxide (202),
iodobenzene dichloride (203) sodiumperiodate (204),
t-butoxychloride (205) etc. could be used, however only
hydrogen peroxide/ sulphuric acid has befn used to oxidize
polymers. Two equivalents of the oxidizing agents are
required to oxidize the sulfide linkage to sulfone. With
proper choice of the oxidizing agent the intermediate
sulfoxide may be ioslated. When the oxidizing agent is a
perioxide, the mechanism (206) of oxidation is as shown
below:
R-4S i , 0-0-R I ----+ R- "9-0-H  + R10-
I	 I	 i
R •	H	 R
(36)
rapid proton
transfer	 I
R
The second oxidation, which is normally slower than the
first (207), has the same mechanism in neutral or acid
solution. but in basic solution it has been shown that the
A
1.8 OOLY(ARYLETHLRKETONES)
in this section the ether and ketone form the
principal functional linkage in the polymer backbone. The
ketone group is similar to the sulf one group, in that it
activates ortho and para halides and deactivates ortho and
par& phenoxides. The activating power of the ketone group
is reported to be less than the sulf one group (156) in
nucleophilic aromatic substitution. Poly(aryletherketones)
can be synthesized by polyetherification. They tend to be
more crystalline than the analogous sulfones, which could
lead to solubility problems.
.-moo -^-moo -.. O+O-OH
DMSO	 NaOH
C10
0	 -
114-O C-a^ — O -	 (37)^^^33 	 _E
n
The mechanism of the reaction is identical to the
nucleophilic aromatic diplacement. The ketone may be
OMINAL PAGE t-
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present in the dihalide and/or the diphenoxide
(154,171,175.178-9,183-5,209-20).
The polyetherketone has also been synthesized by the
Priedel-Craft reaction ( 253). Dhal polymerised
p-phenoxy-bensoyl chloride or fluoride in the presence of
diphenylether or biphenyl. As in polysulfonylation,
branching may take place.
1.9 MISCELLANEOUS POLYARYLETHERS
Oligoarylethers with sulfone/ketone /imido linkages
with various end groups have been used as high temperature
laminates by Marvel ( 221-28) and others ( 229-231).
Polyarylether discussed so far have been obtained by the
displacement of the activated halide. Other groups such as
nitro may also be displaced by phenoxides as in nitro
phthalimides ( 269-71) as shown below:
0	 0
b	 N
N-R + NaOPh -----+	 N-R	 (38)
II	 i^
0	 Ph0 0
X
1.10 ENVIRONMENTAL STRESS CP.ACKING
1.10.1 INTRODUCTION
A critical failure mechanism termed environmental
stress cracking is a typical mode of failure in application
56
end-use of polymers (240). The presence of organic envir-
onments in contact with these materials can lead to forma-
tion of microvoids or crazes, which in turn, can coalesce
and lead to complete rupture of the polymer. Although
crazes appear to be a series of small cracks, microscopi-
cally they contain oriented fibrillar polymer. Figure 3
illustrates the two. Crazes can be formed by three dif-
ferent methods:
1) stress,
2) solvent action
3) stress plus solvent
Failure due to stress alone is quite common in metallic
matecals and is termed stress-corrosion cracking. Crazing
due to solvent alone is more common to polymers. The
effect of both stress and solvent is dramatically destruc-
tive to polymers. It must be noted that in many cases a
very small applied stress, such as residual stress in mold-
ed parts may be sufficient to even craze or rupture the ma-
terial in certain environments. This complete failure due
to the combined effect of stress and solvent is termed
"environmental stress cracking". This material failure is
encountered in virtually all areas of polymer end-use.
Structure property data has clearly shown that amorphous
polymers are far more susceptible to environmental stress
failure than their crystalline or crosslinked counterparts.
Engineering thermoplastics and their composites offering
improved performance in a variety of demanding application
CRAZE CRACK
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FIGURE 3 SCHEMATIC REPRESENTATION OF A CRAZE AND CRACK.
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are replacing wetallics. Many of these polymers are
amorphous and environmental stress cracking has been the
*Achilles Heel • (240). Examples of environment induced
failure in application and-use of polymers are listed in
Table T.
1.10.2 THEORIES OF ENVIRONMENTAL STRESS CRACKINt,
Earlier theories of Nielsen (232) and others (233-235)
proposed that organic liquid could reduce the surface free
energy for crack formation. The theories were based on the
following facts:
1) Fracture always creates new surfaces.
2) The solid/liquid interfacial tension is always
lower than solid/air interface.
3) Absorbed molecules can exert surface pressure.
4) Gases and vapors concentrate at imperfections in
polymers and then exert a two dimensional gas
pressure.
While good agreement with the above theory was
observed with PMMA-alcohol-water system (234) extension to
other organic system was not successful. It was also not
particularly possible in predicting a priori from the
actual results.
Another criticism of this surface energy reduction
scheme is that although a large amount of surface area is
formed, the energy consumed in creating the surface is only
a small fraction (3!) of the total energy dissipated in
59
TABLE 7
PICAL EXAMPLES 0.* ENVIRONMENT INDUCED STRESS RUPTURE
( ref . 240)
BTERVEN:'S - POLYETHYLENE (e.g. IGEPAL)
MINT SOLVENTS - AMORPHOUS THERMOPLASTICS
HEPTANE - POLYSTYRENE (CASE II SORPTION)
FOOD OILS (e.g. MARGARINL) - POLYSTYRENE
ADHESIVES (SOLVENT BASED) - AMORPHOUS THERMOPLASTICS
CLEANING SOLVENTS - AMORPHOUS THERMOPLASTICS
ALCOHOLS - AMORPHOUS POLYAHIDES; PMMA
COOKING OILS - POLYCARBONATE (e.g. POPCORN POPPERS)
UNLEADED GASOLINE - POLYSTYRENE, POLYC:ARSONAT£, NORYI.
POLAR SOLVENTS (e.g. ACETONE) - ALI. AMORPHOUS POLYMERS
FINGERPRINTS - AMORPHOUS POLYMERS
FINGERNAIL POLISH - POLYCARSONATE1 POLYSULPONEs
0
i
f
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deformation (236). While surface energy probably does play
a role in environmental sires cracking, other parameters
may well override the surface effects.
The second theoretical approach toward rationalizing
environmental stress failure is that the organic stress
cracking agent penetrates into the polymer and plasticizes
it. The combination of stress and solvent lowers the Tg to
the test temperature resulting in the flow or rupture of
the polymer (240).
Perhaps the most extensive study of this effect has
been undertaken by R. P. Kambour and coworkers (237). They
found a general correlation between the golubility para-
meter of the liquid and the critical strain for crazing.
They also clearly demonstrated that the environmental
stress crack failure is poorest when the solubility para-
meter of the environment is equal to that of the polymer.
The plots of critical strain versus solubility parameter
are not as convincing for the other systems studied as with
PPO. This lack of good correlation is easily explained as
the solubility parameter does not included effect of hydro-
gen bonding, dipole-dipole interaction or molecular size
(240). Since all of these factors are expected to contri-
bute to the swelling response of the polymer subjected to
various environments, the solubility parameter alone should
not be able to predict the plasticization and therefore the
crazing response. Gent (238,239) proposed a detailed mech-
anism of crazing in glassy plastics. This mechanism
Jr
	NMI! g	 Mqw-
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included the plasticization aspect of solvent crazing and
cracking and can perhaps be considered to be the state-
of-the-art in environmental stress cracking. Four im-
portant considerations of this paper are outlined below.
(1) Stress concentration at a crack.
The region at the tip of a sharp crack or flaw experi-
ences much higher tensile stress than the applied stress.
The stress concentration factor is given by equation 39
a/a	 K - 1 + 2(1/r) 1/2	 (39)
K = 1 + 2(11/0	 (40)
= applied tensile stress
K = stress concentration factor
1 = length of edge flow
r = tip radius
Typical polymer values for k were considered to be 10 to
50.
(2) Glass-to-rubber transition at the flaw tip.
The glass transition temperature Tg increases with
increase in normal stress. Conversely, it would decrease
under a dilatant stress. The critical dilatant stress (DC)
required to lower T9
 at the flaw tip to the testing
temperature is given by
	
{	 Dc = ( Tg-T)(a2-ag)/Cj-Cg)
	 (41)
aymag = coefficient of thermal expansion in rubbery
and glassy state
cy,Cg a compressibilities of rubbery and glassy state
	
i	 (02-dg)/(C2-Cg0 = B	 (42)
3
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Therefore transformation from the glassy state to the
rubbery state occurs at a critical value of the applied
tensile stress.
Ye - 38(Tg-T)/K 	 (43)
(3) affect of liquid or vapor environment.
The liquid or vapor environment with moderate to high
solubility in the polymer will lower the Tg of the crack
tip considerably thus allowing for crack propagation at
much lower stresses than in air. The critical stress,
required for crack propagation is given by:
oc - a - 3g(T9 - Tg')/K	 (44)
where a - stress required to promote crazing of the dry
polymer, Tg' Tg of polymer with sorbed penetrant at the
crack tip.
(4) Stress- induced penetrant sorption.
The equilibrium swelling of a solvent-polymer system
increases and under proper conditions can increase well
over an order of magnitude causing an even further lowering
of the Tg required for crack propagation.
Although Gent's approach (238) to quantify
.	 environmental stress failure appears to be useful, there
are other considerations of importance not presented by the
mechanisms proposed by Gent. For example, the internal
K _;
pressure build up due to diffusion of penetrant and the
kinetic approach to failure (240).
tt
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1.11 SOLVENT INDUCED CRYSTALLIZATION
1.11.1 INTRODUCTION
One of the most important factors determining the
properties of a solid polymer is the packing order. Crys-
tallization is a means to control the degree and morphology
of packing. In the molten state the polymer ch,tinn are in
disordered conformations with the charactersitic irregular
structures and a great deal of intermolecular entanglement.
Despite the differences that must exist in the mechanistic
nature of the crystallization of polymers as compared to
monomers, formally the process is the same for both kinds
of substances. The new state or , phase must be initiated
within the body of the parent liquid. This initiation pro-
cess 13 called nucleation. The nuclei subsequently grow
into larger mature crystals. Both of these processes have
been identified in polymer crystallization. The crystalli-
zation from most monomeric liquids takes place at very
rapid rates at temperatures just slightly below the melting
temperatures. The crystallization conditions are thus very
close to that for equilibrium between the crystal and the
liquid. On the other hand polymer crystallization must in-
variably be conducted at temperatures well below the melt-
ing temperatures so that the process can proceed at an ap-
preciable rate. Depending on the polymer, crystallization
temperatures anywhere from 15°C to 50°C below the melting
temperature are necessary. Consequently, polymer crystal-
lization takes place under conditions well removed from
ORIGINAL PAGE L-
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equilibrium. The molecular ordering of a polymer chain in
a kinetic time-dependent process. in addition, the fact
that polymer crystallization is invariably conducted at
temperatures well below the melting temperatures will con-
tribute further to the non-equilibrium character of the
final state. Because of these problems only a portion of
the chain adopts an ordered configuration. Depending on
the molecular weight and crystalline conditioner the per-
ventage of crystalline material may vary from 30 to 90 per-
cent. A r^al polymer system is therefore, of course, semi-
crystalline.
1.11,2 MECHANISM OF THERMAL CRYSTALLIZATION
As mentioned previously, crystallization takes place
in two states. The first stage is the formation of nuclei.
The melt usually has to be supercooled by about 5°K to 20°K
below the melting temperature before a significant number
of nuclei appear which possesses the critical dimensions
required for stability and further growth * The second
stage is the growth of the crystalline region, the size of
which is governed by the rate of addition of other chains
to the nucleus. Measurable rates of crystallization occur
between (Tm-10°K and (Tg + 30 0 K), a range in which thermal
motion of the polymer chains is conducive to the formation
of stable ordered regions. The growth rate of crystalline
areas passes through a maximum in this range as illustrated
in Figure 4 for iostactic polystyrene. Close to Tm j the
segmental motion is too great to allow many stable nuclei
T/ K
FIGURE 4.
Gmwth rate of spheruiitic crystals of isotactic
Rblystyrene as a function of taq)erature.
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to form, while near Tg the melt is so viscous that molecu-
lar motion is extrmely slow. As the temperature drops from
Tm, the melt viscosity, which is a function of the molar
mass, increases and the diffusion rate decreases thereby
giving the chains greater opportunity to rearrange them-
selves to form a nucleus. This means there will exist an
optimum temperature of crystallization which depends large-
:,
ly on the interval Tm to Tg and also on the molar mass of
the sample. Empirically, it has been observed for most
systems that rate of thermal crystallization is maximum at
0.83 TmOR.
1.11.3 SOLVENT INDUCED CRYSTALLIZATION
It is well known that the presence of a solvent can
cause a depression of both Tm and Tg and that the degree of
depression depends on the nature of the solvent and its
compatibility with the polymer. Several theories (241)
have been put forward to explain the depression of Tg and
Tm. In a crystallizable polymer the presence of a solvent
(plasticizer) may depress Tg to a temperature such that
mobility will be adequate to allow crystallization. Due to
a greater depression in Tg and Tm the temperature range
(Tm-Tg) for crystallization widens, resulting in rapid
F crystallization at lower temperatures. Solvent induced
crystallization differs from thermal crystallization in
that the process takes place in the presence of another
molecular species and at lower temperatures due to the
depression of Tg.
k^--
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1.12 TRIAD DISTRIBUTION IN CONDENSATION POLYMERS
1.12.1 INTRODUCTION 	
_.._
The molecular weight distribution and the degree of
polymerization are often sufficient to fully describe a
linear homopolymer. However, they are inadequate to
characterize a copolymer. Characterization of linear co-
polymers also requires compositional information and
prefereably knowledge of the microarchitecture of the co-
polymer chains, with respect to compositional homogeneity
and molecular weight distributions. Microarchitecture is
not only important from the characterization point of view,
but also because of its important role in determining ulti-
mate properties. Prediction of Tg, the glass transition
temperature, is sometimes possible. This is a very import-
ant parameter in polymers since it represents a temperature
(or temperature interval) where dramatic changes take place
in polymer properties. One conventional method of predict-
ing Tg for a random copolymer values is by additive re-
lationships such as the Fox equation ( 242).
1/Tgp = Wa/Tga + Wg/Tgb	 (45)
Here Tgp is the Tg of a copolymer containing weight frac-
tions Wa and Wb of the two monomer units A and B for which
the homopolymers have glass transitions of Tga and Tgb.
The Fox and other similar relationships (Gordon,
Taylor, Wood (243) do not take into consideration the
effect of adjacent dissimilar monomer units on steric and
468
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energetic relations in the copolymer backbone and assume
that freedom of rotation and free volume contributed to a
copolymer by a given monomer will be the same as it contri-
butes to the homopolymer.
As reported by Johnston (244-6), to accurately predict
the glass-transition temperature of many copolymers it is
necessary to take into consideration the sequence distri-
bution of the copolymer. Homopolymer Tg values usually 	 s
hold for homo dyads AA because the A units experience much
the same interactions as in A homopolymers. The formation
of AB dyads results in new interactions and in many cases
increases or decreases the Tg
 contribution of the A unit.
Therefore to obtain more accurate Tg
 predictions, it is
necessary to assign AB dyads and other sequence distribu-
tions their own Tg values.
1	 WA	 WABWB+	
(46)r f	 + +`.^^
Tgp	 TgA	 TgAB	 TAB
Here Tgp is the Tg of a copolymer containing weight
fractions WA
 and WS and WAB. The weight fractions may be
calculated from the monomer feed ratio and reactivity
ratio. Figure 5 illustrates the experimental, sequence
distribution predicted and Fox equation predicted values
for methyl styrene/acrylonitrite copolymer Tgs versus the
weight t No in Ms/AN copolymer. Many copolymers are of
interest in which the copolymer molecule consists of long
blocks or runs of monomer units capable of participating in
LI 69
T1.4e
FIGURE 5
Sequence distribution prediction of M IAN copolymer
Tge as a function of weight % MS.
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glassy or crystalline domains separated by amorphous seg-
ments. The possibility of crystalline domains acting as
points of physical crosslinks can sometimes produce novel
thermoplastic elastomeric properties. Current trends in	 i
block and graft copolymers stems directly from these ef-
fects. The most common way of describing the microarchi-
tecture of a copolymer is by way of dyad or triad (addition
of two or three units). This distribution of monomers in
the final copolymer is greatly influenced by the relative
monomer react.ivities and the nature of the reaction mechan-
ism itself.
1.12.2 THEORY OF SEQUENCE DISTRIBUTION
Lewis and Mayo (247) were the first to correlate the
triad distribution to monomer reactivity in radical copoly-
merization. Later workers (248) improved upon this treat-
ment. The problem was addressed kinetically (251), statis-
tically as a Markov chain (249) and also by Monte' Carlo
simulation (250). By contrast, condensation polymers have
an intrinsically different reaction mechanism of polymer
chain extension as well as differences in the time scales
of their formation. Also a matter of great importance is
the variation in the reactivity of the second monomer func-
tional groups (155). The reactions involved two comonomers
and an intermonomer, with variable functional group re-
activity of monomers is schematically shown as follows:
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11
K
Ka-A-a +	 c-C-c a-AC-a (47)
12
K
A-^a-A-a + c-C-- a-AC-N (48)
21
RA--+^-A-a +	 e-C-c — AC-c (49) 
22
R
^_A-a +	 c-C-_ ^-^- ^^Ac^_ (50)
11
K
--B +b-B-b +	 c-C-c b-BC-c ( 51)
12
R
-KB ­*b-B-b +	 c-C-- b-BC-- (52)
21
x
- B-B-b +	 c-C-c BC-c (53) 
22
K
-KB, B-b +	 c-C-- -^BC__ (54)
Here a-A-a and b-B-b are comonomer and c-C-c is the inter-
monomer. --A- , --B-and --C-are dieters and oligomers. The
reactivity of monomers differ very much from the other re-
active species (dime rs and oligomers). The resulting
reaction between molecules of all sizes with each other can
take place throughout the polymerization. The rates of
these reactions may be determined by their nature, that is
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monomeric or oligomeric and their relative abundance. This
makes it harder to visualise and intuitively less obvious
to predict the triad distribution.
Only recently have a few theoretical calculations
been published with regards to the influence of relative
j
reactivities of monomers to their final distribution in the
copolymer. Best* (252) proposed a simple statistical
approach to calculate the type of distribution of monomer
units in the copolymer, assuming constant reactivities in-
dependent of sizes. The use of the approach is rather re-
stricted because of the unrealistic assumptions. Nikonov
tt al. (2S3) took into account the variation of functional
group reactivity and approached the problem kinetically via
numerical analysis. Howeier, they calculated the macro
composition of copolymer for various initial comonomer
ratios and extent of reaction, while taking insufficient
amounts of the intermonomer. More recently, S. I. Kuchner,
(254) derived equations for the triad distribution.
simplify the mathematics so as to obtain analytic,i ..o.
Lions, he reported the microheterogenity for various kine-
tic ratios of the comonomers, but independent functional
group rates for the intermonomer and vice versa. He con-
cluded that:
(1) Final copolymer was always random irrespective of the
relative rates of reaction of the comonomers.
g	 ( 2) The relative rates of comonomers only influenced at
small extents of reactiono.
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i.e. p less than 0.75. Although this in the %ost detailed
work so far it still is not a realistic model to a%:tual
condensation polymerization and further studied should be
performed.
CHAPTER II
MATERIALS AND METHODS
2.1 GENERAL ASPECTS OF CONDENSATION POLYMERIZATION
In step growth polymerization a linear chain of mono-
mer residues is obtaind by the stepwise condensation or
addition of reactive groups in bifunctional monomers. W.
H. Carothers, the pioneer of step-growth reactions proposed
a simple equation relating Dp the degree of polymerization
or number average chain length to a quantity P describing
the extent of the reaction.
Dp = 1/(1-P)	 (56)
The Carothers equation is particularly enlightening
when we examine the numerical relation between Dp and p;
thus for p = 0.95 (i.e. 958 conversion) Dp = 50 and when
P a 0.99, then Dp = 110_ The control of the molar mass (or
molecular weight) of the product is obviously very
important. Very high molar mass material may be too
difficult to process while low molecular weight polymer may
not exhibit the properties desired in the end product.
Thus one must be able to stop the reaction at the required
value of P. Often it is possible to effect control by
rapidly cooling the reaction at the appropriate stage or by
adding calculat^d quantities of monofunctional materials.
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Most usefully, a precisely controlled stoiehiometrie
imbalance of the reactants in the mixture can provide the
desired result. For example, an excess of diamine over an
(
	
	 acid chloride would eventually produce a polyamide with two
amine end groups incapable of futher growth when the acid
chloride is totally consumed. This can be expressed as an
extension of the Carothers equation as,
Dp - (1 + r) / (1 + r - 2rp)	 (57)
where r is the ratio of the number of molecule;; of the
reactants. Thus for a quantitative reaction (p - 0.999)
between N molecules of bisphenol and 1.05 N molecules of
activated dihalide to form a poly(arylene ether).
The value of r-Na/Nb - 1/1.05 - .952 and
Dp - (1+0.952)/(1+0.952-2)(0.999)(0.952) - 39 rather than
1000 for r-1. The corresponding equation for a monofunc-
:ional additive is similar to equation (57), only now r is
defined as the ratio Naa/( Nbb+2Nb) where Nb is the number
of monofunctional molecules added.
It is evident from the above examples that the
reactions are particularly demanding with respect to the
purity of the reagent thus accurate control of the amount
of each species in the mixture is essential. The next
section therefore deals with the purfication of the
monomers, reagents and solvents used in the study.
,w^l_
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2.2 PURIFICATION OF
2.2.1 9ISPHINOL-A SOURCE Pol errg ade, Union Carbide
Corp. Sr Dow Chemical)
EVirical Formula: C15H1602
Molecular weight: 228
'r4cture:
R	 -OH
APPARATUS: Two 2-liter conical flasks, one 2-liter beaker,
two 6-inch diameter powder funnels, large fluted (folded)
filter papers, two stirring bars, a Corning hot plate with
magnetic field, carbon black, toluene and bisphenol-A.
PROCEDURE: To a 2000 ml conical flask was added 800 ml of
toluene and 200 gms of bisphenol-A and the mixture was
stirred while heating on the hot plate. At, the temperature
of the mixture approached 100°C (boiling point) bisphenol-A
began to dissolve (Note 1). At the boiling point (110 9 C-
1120 C) about 150 mis of toluene and 2 gms of activated
charcoal were added (Note 2). The mixture was allowed to
boil for about 2 minutes. In another 2000 ml conical flask
50 mis toluene was heated (Note 3). A large powder funnel
with the fluted filter paper was placed in the flask. As
soon as the toluene started refluxing, the bisphenol-A
solution was filtered in about 50 ml portions. The filtra-
t-on was complete! in about 10 minutes. The clear solution
was transferred into a large beaker, which was kept in a
water bath. The solution was rapidly cooled under constant
W-
77
stirring. About two hours later the crystals were filtered
and dried under reduced pressure (water aspirator). The
crystals were then dried in an oven at 75 0 0 for 12 hours
(Note 4) cooled, powdered very well and dried again for 12
i
	 hours at 80-90°C (Yield 90%). M.P.152°C.
NOTES.
(1) Bisphenol-A is not very soluble in toluene at room
temperature.
!	 (2) The solution is near sat.iration under these condi-
tions. The addition of 150 mis toluene not only
dilutes the solution but also saves much time in
filtration without much loss in yield.
(3) The use of large powder funnel in place of the liquid
funnel greatly speeds up the filtration process.
(4) This is particularly important as otherwise a
substantial amounts of toluene (0.5%) is trapped in
the crystals.
The above procedure is especially important in the purifi-
cation of dichlorodiphenylsulfone.
2.2.2 HYRDOQUINONE
Source (Eastman Kodak)
Empirical Formula: C6H602
Structure:
HO- 0 -OH
1,4.benzene diol
a-
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The purification of commerical grade hydroquinone was
carried out in two steps. First it was recrystalliaad from
deoxygenated water and then it was prefereably sublimed
under reduced pressure (Note 5). The final product was
white in color and had a very sharp melting point.
Experimental details are given below:
RECRYSTALLIZATION OF HYDROQUINONE (Eastman Kodak)
MATERIALS. One liter conical flask, one liter beaker,
stirring bar, hot plate with magnetic field, decolorizing
charcoal, distilled water, nitrogen and hydroquinone,
powder funnel and fluted filter paper.
PROCEDURE. In a one liter concial flask with stirrer bar,
600 mis of distilled water is added and heated to boil for
at least a minute. It is then cooled slowly under a nitro-
gen atmosphere. This step is repeated twice. Commercial
hydroquinone (125 gms) is added to the above deoxygeneated
water. This mixture is slowly heated while stirring con-
tinuously under a nitrogen atmosphere. When the hydroqui-
none completely dissoves, 1.0 gms of decolorizing carbon is
added carefully, boiled for 5 minutes and filtered into a
one liter beaker using a fluted filter paper. The solution
was allowed to cool to room temperature overnight under
nitrogen atmosphere. The mixture containing the crystals
was filtered in a buchner funnel using a water aspirator.
_	 The filtrate was wasted twice with 75 mis of cold deoxygen-
ated water and allowed to dry. The crystals were then
.4
79
transferred to a large aluminium pan and dried at 600C.
Yield = 85-88 gms. of off-white needles, M.P. 172-173°C.
SUBLIMATION OF RECRYSTALLIZED HYDROQUINONE
i
A specially made sublimator with a 4 inch I.D. was
used. It had a capacity to distill about 30 gms of
hydroquinone per batch. Experimental procedure for the
sublimation is given below.
25 gms of recrystallized hydroquinone was spread
uniformly at the bottom of the sublimator. The cold finger
trap was cooled with an acetone-dry ice mixture. The
sublimator was heated in an oil bath (120°C) under reduced
pressure (less than 5 mm mercury) (Note 6), for at least
four hours or until most of the hydroquinone sublimed.
Then it was cooled to room temperature under reduced
pressure. A yield of 15-20 gms of very pure hydroquinone
was obtained. The unsublimed or leftover hydroquinone
could be reused in the next batch (Note 7).
NOTES:
(5) It is important to recrystallise before sublimination.
Otherwise, the sublimate has a bluish-pink tint.
(6) Lower reduced pressure or high temperatures melts the
hydroquinone and thus sublimation is not effective.
(7) The recycled yield is about 90% and recycling can be
done two or three times. If repeated more often the
product is brown in color presumably due to oxidation
and has a lower melting point than the recrystallized
starting material.
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2.2.3 BIS-T MONOMER
Source: Crown 2ellerbach Corp.
Empirical Formula: C12H10S02
Molecular Weight: 218
Structure:
H as-aOH
4,4' Thiodiphenol
MATERIALS. The same as used for bisphenol-A
PROCEDURE. To a 2000 ml conical flask was added 300 mis of
methanol and about 125 gms of bis-T and the mixture was
stirred and heated on a hot plate. To the hot solution was
added 250-300 mis water in 25 ml increments. The addition
of water was stopped when the solution remained turbid on
heating. Then just enough methanol was added to clarify.
To this solution was added 2.5 gms of activated charcoal,
followed by boiling for 2-5 minutes and filtering hot into
another large conical flask with fluted filter paper and a
powder funnel. The filtration was complete in about 10
minutes. The clear solution was allowed to crystallize
overnight, filtered and dried under reduced pressure. The
crystals were dried in an oven at 75°C for 12 hours,
cooled, powdered very well and dried again for 12 hours at
80-90°C. Yield 100-110 gms. M.P. 1549C.
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2.2.4 SIS-S
t
Sources Crown Zellerbach Corp.
r_
Empirical Forumulas C12H10804
Molecular Weights 250
Structures
H	 SO2 O OH
4,4 1 - sulfonyldiphenol
MATERIALS. One liter beaker, two 2-liter conical flasks,
two powder funnels, stirrer stirring bars, hot plate with
magnetic field and buchner funnels.
PROCEDURE. To the one liter beaker was added 500 mis of a
5% NaHCO3 solution and 50 gms of bis-S. The mixture was
boiled to dissolve the bisphenol and was filtered hot.
Concentrated HC1 was added to bring the pH to 5. The
precipitated monomer was filtered as dry as possible and
dissolved in 250 mmis of 508 aqueous methanol. Next 2 gms
of activated charcoal were added. After filtration, the
mother liquor was cooled and crystallization was induced by
scratching the beaker with a glass rod. After 4-5 hours it
was cooled further in are ice bath, filtered, washed twice
with 25 mis ice cold water and dried at 100°C under reduced
pressure for 24 hours. Yield (808). M.P. 247°C.
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i	 2.2.5 DICHLORODIPHENYLBULFONE
Sources Union Carbide
Wirical Formulas C12HSS02C12
Molecular Weights 287
Structures
C1-O-502 O Cl
APPARATUS. Two 2-liter concial flasks, one 2-liter beaker,
two 6- inch diameter powder funnels, large fluted ( folded)
filter papers, two magnetic stirring bars and a Corning
magnetic hot plate.
PROCEDURE. To a 200 ml conical flask was added 800 ml of
toluene and 500 gms of dichlorodiphenylsulfone which was
stirred and heated over a hot plate. Dichlorodiphenylsul-
f one dissolved as the temperature of the mixture approached
1109 C. About 2 gms of charcoal was added and boiled for
about two minutes. In another 2 liter cooncial flask 50 ml
of toluene was heated. A large powder funnel wi'ch the
fluted filter paper was placed at the tope of the flask.
As soon as the toluene started refluxing, about 15 ml
portions of the solution was filtered. The filtration was
complete in about 30 minutes. The clear solution was
transferred into a large beaker and rapidly cooled while 	 r
constantly stirring. After about 6 hours the saturated
k
solution was further cooled by placing in an ice bath for
about an hour. This was later filtered and dried by a
water aspirator and further dried in an oven at 75°C for
about 12 hours. The complete process was repeated twice.
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Charcoal was not used in recrystallization. The crystals
were finely powdered and further dried at 100 • C # under
reduced pressure. The crystals were finely powdered, dried
in vacuum oven for several hours at 60 0 C then several hours
at 100 •C and finally at 120°C for at least 6 hours. The
powder was cooled under reduced pressure before use.
Yield	 56• (after 3 crystallizations).
2.2.6 SYNTHESIS AND PURIFICATION OF 4
DIFULORODIPHENYLSULPONE
REACTION.
KF
Cl	 SO2	 Cl	 F	 SO2-F (58)
SULFOLANE
MATERIALS, One liter four necked round bottomed flask,
stirrer, reflux condenser, thermometer, powder funnel,
blender, buchner funnel and a mini vacuum distillation set
up.
PROCEDURE. Anhydrous KF was dried for 24 hours in a vacuum
oven at 100°C, then powdered finely in a blender to a
particle size less than 350 mesh. It was further vacuum
dried for about 10 hours and 200 g (3.5 moles) were added
into the reaction assembly which contained 500 mls of
purified sulfolane. The mixture was thoroughly stirred
until a very fine dispersion was obtained. To this was
added crude DCDPS (0.13 moles, 50 gms.). A slow streani of
nitrogen was maintained during the subsequent heating.'the
mixture was refluxed for about 20 hours. The flask was
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cooled and the contents
vigorous stirring. The
water and dried at 600C
distilled at (5 Torr).
separately and reerysta
Yield (78%).
poured into 1000 ml water under
precipitated powder was washed with
for 2 hours and then vacuum
The main fraction was collected
i
Ilized from toluene. M.P. 986C.
2.2.7 POTASSIUM CARBONATE (ANHYDROUS)
Anhydrous potassium carbonate (Baker Chemicals
Analytical Grade) was granular and had about 1% moisture.
The following procedure was used to reduce the particle
size and moisture content.
TREATNENT. About 40 gms of anhydrous potassium carbonate
was finely powdered using a mortar and pestle. The
powdered K2CO3 was kept in a drying oven at 120'C for 12
hours, repowdered in a Waring blender for about half an
hour and passed through a standard sieve. Particle sizes
less than 350 mesh were transferred into a large sublimator
unit and heated to 100'C under reduced pressure (5 Torr)
for at least 24 hours. The base was cooled under reduced
pressure before use.
ANALYSIS. A required amount of sample was dissolved in 250
ml of "carbon dioxide free" distilled water to give
approximately 0.05 H solution. This solution (50 m:) was
potentiometrically titrated using a calibrAted pH meter
(Orion 601A) in conjunction with a glass electrode (Thomas,
No 4092-115) and a calomel reference electrode (Thomas,
•, 	 B5
No 4090-8 15). A plot of pH against volume of titrant
gives the equivalent point. A typical plot is show in
Figure 6.
An alternate method employing a back titration was
also perforated as follows. To the 50 ml sample solution
was added 25 ml of 0.1 N HCl (solution ,should be acidic).
The resulting solution was boiled for 3-5 minutes to remove
carbon dioxide• cooled and the excess acid titrated against
standard base to pH (note 8). The purity of the sample was
found to be comparable to that found by the potentiometric
titration method (note 8). Boiling and cooling the solu-
tion while passing nitrogen ensures reporducible values.
This method is easier and faster than the potentiometric
method but gives only the total base.
2.3 PURIFICATION OF SOLVENTS
Poly(arylene ether sulfones) are synthesized by the
reaction of bisphenates with dihalides in a dipolar aprotic
solvent, under anhydrous conditions. These solvents are
hydroscopic high boiling and usually sensitive to alkali,
especially at high temperatures. The solvents used in the
study were N,N'-dimethylacetamide (DMAC), N-methylpyroli-
done (MV) and sulfolane. Methods for their purification
are given. All the solvents were distilled in the appara-
tus assembly shown in Figure 7 and stored under nitrogen
and over pretreated molecular sieves.
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Figure (7) Apparatus assedty used far solvent disc Ilation and
ALwtwpe study.
Be
2.3.1 TREATKRNT OF MOLECULAR SIRVES
About 25 gas of molecular sieves (4 A) were placed in
a two necked round bottomed flask and heated under reduced
pressure (5 Torr) to 500C. In doing so, the moisture
absorbed by the sieves condensed on the cooler sides of the
round bottom flasks. On heating for about 12 to 14 hours,
the molecular sieves were essentially dry. They were next
cooled under reduced pressure and finally stored under dry
nitrogen. These pre-treated molecular sieves were used to
store the solvents dry.
2.3.2 N,d DIMETHYLACETAMIDE
Source: Eastman Kodak
Molecular weight: 89
Structure:
CH3
CH3CON
CH3
500 ml of DMAC was stirred over phosphorous pentoxide for
24 hours and distilled under reduced pressure in a nitrogen
atmosphere. The Constant boiling fraction (80-82°C at 20
Torr) was collected at reflux ratio of 1:1 and stored under
nitrogen.
W_.
'°- .
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2.3.3 SULPOLANE
Sources Technical grade, Phillips Petroleum Co.
Empirical Formulas COBS02
Molecular weight: 120
Structures
H2i
	
CH2
H2C	 CH2
S
O O
Sulf olane was usually a solid at room temperature and was
normally heated to first melt the material. To liquid
sulfolane (500 ml) was added 5 gms carbon and 15 gms hiflo
(filter aid from John Mansville Co.) followed by
filtration. The filtrate was stirred overnight over sodium
hydroxide pellets. The solvent was vacuum distilled from a
3-necked round bottomed flask fitted with a 6 inch high
Vigreux column. The middle fraction was collected under a
reduced pressure of nitrogen at 130°C. The whole process
was repeated until the solvent showed a positive test for
purity. (l ml of sulfolant with 1 ml of 1008 sulfuric acid
should remain colorless for at least 5 minutes) (272).
Mormally two distillations are sufficient to have a polymer
grade solvent.
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2.3.4 N-NETHYLPYROLIDONE
Source: Fisher Chemicals for GAF Corp.
Empirical Formula: CSHgNO
Molecular weight: 99.13
Structure:
	
H2C
	 CH2
	I 	 I
	
H2C
	 Cz^
N
CH3
N-methyl pyrolidone was stirred over calcium hydride
for 24 hours. It was distilled under nitrogen at reduced
pressure and stored over molecular sieves.
2.3.5 TOLUENE
Source: Fisher Chemicals
Empirical Formula: C7H8
Molecular weight: 92
Structure:
co CH3
Toluene was used as an azeotroping solvent and was
stirred over calcium hydride Eor 24 hours and distilled in
a nitrogen atmosphere. The middle constant boiling
fraction was stored under nitrogen over pretreated
molecular sieves.
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2.4 STUDY OF DMAC TOLUBNS ASBOTSAFS
A three necked 250 ml round bottomed flask fitted with
thermometer, stirring bar, a Vigraux column and a cold.
finger with adjustable reflex return capabilities for
vacuum and inert atmosphere (as shown in the figure) was
used. To this apparatus was added 50 m1 of DMAC and 50 m1
of toluene and the mixture was heated to equilibrate the
two liquids. The temperature in the reaction still and the
vapors near the condenser was noted and about 6.3 ml of the
condensate were removed, while continuing heating. The
system was allowed to equilibrate to the new condition.
Again the temperature was noted and the condensate was
collected. This was repeated until about 758 of the azeo-
trope was collected. The samples were analysed by gas
liquid chromatography using a GOW-MAc instrument fitted
with a column of 158 DC-200 on chromosorb-P for separation.
Flow rate of the carrier gas (He) was 40 ml/minute and a
column temperature of 150°C gave rapid resolution of
toluene and DMAC. The number of theoretical plates per
column under these experimental condition were calculated
to be about 1600 plates/column. Quantitative analysis was
done by measuring the area under the curves. The conden-
sate and reaction still compositions were plotted against
the respective temperatures.
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i 2.5 81WMES I8 of PCLY2- MM B -- HOjj	 -
TR• polp^ers wens usually s ►tt^esed by r^actnq
6,4'-d chlorodiphaoylsulfona with one or l4ore >bisphenola.
The functionality and molecular weight of the oligoner$-
ware controlled by the molar ratio of th,s mohomers. A
typical synthesis for 50 Wo of a -5000 <Mn> t le lar
weight hydroxy terminated bisphenol-A polysulfone e
described.
It
2.501 9I8-A POLYSULFONE
REACTION	 -
	
W}-0 -oH	 Cl-0-SO 
00 
Cl
DMAC
-	
K2CO3Toluene
(0400-0-SO2-0-0,-) + KC1 (59)n
CALCDLATION
For the oligomer to have a final molecular weight <Nn>
of 5000 the Dp must bet
	
Dp • (5000-228)/662	 4771/462 s 10..32
It
E.
E
r
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I
The ratio of the two monomers:
r - op - 1/Dp + 1 • 9.25/11.25 - 0.88
As hydroxy terminated polymer is required, bisphenol-A is
taken in the larger molar ratio.
APPARATUS. One 500 ml four necked round bottomed flask
equipped with a stirrer, thermometer, dean stark trap and
condenser, nitrogen dispersion tube oil bath and hot plate
(see Figure 8).
PROCEDURE. The reaction assembly is purged with nitrogen,
then 150 ml of N,N'-dimethylacetamide (freshly purified) is
added along with accurately weight bisphenol-A (22.8 g, 0.1
mole) and DCDPS (25.31 g, 0.099 m). The aluminium weighing
pans and powder funnel are rinsed with 75 ml toluene. The
reaction mixture is stirred vigorously with a constant
purge of nitrogen and heated to reflex. It is maintained
at reflux until no more water droplets from the water of
reaction are observed. Toluene is removed continuously
from the trap until the temperature rises to about 155°C.
The reaction mixture appears lightly colored and is main-
tained at this temperature for nearly 10-12 hours. At this
time the reaction is assumed to be complete. The reaction
mixture is cooled to about 100°C and about 75 ml of chloro-
benzene is added to dilute the solution and precipitate the
inorganic salts. The mixture is filtered through a medium
pore size sintered glass funnel. The filtrate is neutral-
ized with acetic acid. The clear neutralized solution (in
25 ml portionu) is coagulated in a blender containing
e
ynthesis of
94
9S
t
blender containing 250 al of l:l water and methanol, The
precipitate is filtered and washed with methanol c water
and finally with vatar. Next it was boiled in distilled
water for 1 hour to remove' any `trapped salts, f iltered and
dried in a vacuum oven at 1004C, Yield was'> 90%. Other
bisphenol-A oligomers were similarly prepared using
calculated ratios of b sphenol and d ichlorodipbenyl
sulfone. -
2. S . 2 Ham: POLYSULFM
STRUCTURS:
t^ SO a802-a0—
n
The bis-T oligober (10,000 •ol, wt.) was prepared using
calculated amounts of the required monomers. The synthesis
is given below:
REACTION:
To a similar not up as used for bis-A polysulfone was
added bis-T (60 ga t 0.275 moles), 200 ml DMAC and 130 ml
toluene. This was purged well with nitrogen for half an
hour and heated to 100 °C, for about 15 minutes. The
reaction mixture was cooled to 60• C, potassium carbonate
(75 gws 0.55 moles) was added and heated to 110°C. At this
temperature the water/toluene azeotrope started distilling.
The distillate was intermittently collected until the
) 
FT
Vii.
u^t
Ily
0
reaction t:aperat re preached 140'	 At this i t
calculated as^ount of aCOCPS dissolved in 7S ml o tolurne
was addled. The reaction mixture turned brown in color._
More asaotrope was collected_ and the tnaperaturf reached
155•C 9 The reaction mixture was maintained at this,
teopersture for 12 hours and than cooled to - 400C. The
stirring was stopped and .: the reaction mixture was allowed
to settle down. The supernatant layer was decanted and as
such of the polymer was extracted thrice with methylene
chloride. The volume of the liquid after dilution with
methylene chloride was 500cc. The filtrate was acidified
with acetic acid, coagulated in aqueous methanol (lsl),
filtered, washed with water and dried on a water aspirator
for about 2 to 4 hours. This partially diced powder was
transferred into a 3 liter beaker with 1.5 liters distilled
water and boiled for 1 tour, cooled, filtered and dried in
vacuum at 100 •C for 24 hours (Yield • 108 gas).
2.5.3 HIS-S POLYSULPONE
STRUCTURE
0
0 11S1100	 n
The bis-S polysulfone oligomers were generally prepared
from 4,4'-dif luorodiphenylsulf.one and 4 1 4 9 - oulfonyldiphenol
as shown below:
-.1
fl
i
96,
G
11
The bis-S oligomer was also synthesised from dLchlorodi-
phenylsulfone and bis-S in sulfolane at 210*C for 8-10
hours. Tetrachloroethane was used as a diluent.
2. S.2 HYDROQtJINONB POLYSVLPONH
The hydroquinone polysulfone was prepared in both N-
methyl pyrolidone as well as sulfolane at lower concentra-
tions and had to be filtered hot to prevent crystalliza-
tion. The reaction scheme is shown below, followed by a
typical experimental procedure using sulfolane.
a REACTION
OH + C1 O-SO oCl
sulfolane
toluene
K2CO3
n
-00-0-0 -S02-0-0- (62)
6
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FRDCSDURB. Sulfolane (100 ml) and toluene (8S M1) were
added to the reaction- vessel and heated-to
-
909C and than
cooled under a nitrogen atmosphere (Mote 1). Nydroquinone
(MOSS g, 0.05 soles) dichlorodiphenylsulfone (14.36S g,
O.SS soles) and potassium carbonate (15.16 g, .011 moles)
were added (Note 2). The weighing pans were rinsed with
toluene. The reaction mixture turned yellow in color. The
temperature was slowly raised to keep the system refluxing.
Care was taken to keep the stoppers and the neck of the re-
action vassal warn by using a heat gun (Note 3). This was
important to maintain an anhydrous condition in the system.
Enough toluene was distilled to raise the temperature to
1809C. It was maintained at this temperature fo 6 hours.
Heating and stirring were stopped to let the inorganic
salts to settle (Note 4). The super-natant liquid was
filtered hot (150'C). The polymer in the residue was ex-
tracted with a hot mixture of DMAC: Sulfolane.(1:2). The
filterate (450 ml) was neutralized with acetic acid. The
color of the solution changed from brown to light yellow.
The filtrate was transferred into a round bottomed flask
and kept hot in a heating mantle (130-140 0C). The solution
in 50 mi portions were coagulated in aqueous methanol,
filtered and washed with aqueous methanol and finally with
water. It was later boiled in distilled water for about 1
hour and filtered. The product was dried in a vacuum oven
at 100 9C for 12-24 hours (Yield = 14.5 gas, 901).
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(1) This treatment ensures a better final product in terms
of color.
(2) Although phenoxide could be pro-forma before the
addition of DCDPS * the in situ method was preferred so
as to minimise the total base contact time with the
solvent.
(3) Its the polymer crystallises out of the reaction
mixture at high concentration (2St and above), more
dilute reaction conditions were used. This equates to
a such lesser amount of crater aseotroper and therefore
extreme caution was taken to extract all the water.
(8) Stopping the stirrer to let the inorganic salts settle
results is a much faster and cleaner way of filtering
the hot reaction mixture.
(S) The concentration of the polymer solution before
coagulating was less than St. This ensured a better
fore of the polymer for drying.
2.6 SY RSIS Or POLYSULPONE COPOLYMERS
Random copolymers of hydroquinone (Hq) and bisphenol -A
were synthesised by varying the molar ratios of the two
bisphenols. The molar ratio of total phenol to dichloride
varied from 1:0.98-1 so that the resulting copolymer was
hydroxy terminated. A typical experimental procedure of
..__ - - f-l- . --- 2- -1---- i- • -- - -
100
MACTION
0 0
random
C1( j `10	 Cl ---►00	 copolymer
(63)
P8OCBWU. MW (ISO ml), bis-A (llg, O.OS moles), hydro-
quite (16.5, 0.15 moles), OCDP8 (57.2 g, 0.2 moles) and
e,-luene (ISO ml) were added in the above order to the re-
action vessel and heated to IO0 •C. It was maintained at
I00*C for half an hour and then cooled to 60 0C. potassium
carbonate (30 gms) was added to the reaction mixtur... The
temperature was gradually increased to 130*C, at which time
the reaction mixture started aaeotroping. The side necks
of the reaction vessel were constantly heated with a heat
gun to remove the condensate. This was done until no more
water distilled. At this point the temperature was raised
to 150-155*C by removing additional azeotrope. The re-
action was maintained at 1S0*C for 10 hours, then cooled to
120*C and filtered hot through a glass frit. On acidify-
ing, the filtrate developed a such lighter color. It was
coagulated in aqueous methanol, filtered, washed and boiled
in water for 2 hours. The polymer was filtered and dried
in a vacuum oven overnight (Yield • 77 qms).
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2.7 POLYCARWHATE - OLIOMRS
Hydroxyl terminated bisphenol-A polycarbon &to oligo-
mers were prepared by the well described solution or inter-
facial techniques ( 273-5 )'i Nothylene chloride and-tetra-
ethyl ammonium chloride served as the solvent and phase
transfer catalyst respectively.
2.8	 POLYSULPM-POLYCARRMTE BLOCK COPOLYMERS
The block copolymers were synthesized interfacially
using the same procedure briefly described above, and in
the literature for the polycarbonate oligomers. 	 Bisphenol-
A polycarbonate oligomers were soluble in methylene chlor-
ide and were block copolymerized by simply introducing
phosgene.	 However, in the ease of copolymerizations using
bis-S polysulfone oligomers, it was necessary to use tetra-
chloroethane as the organic solvent.	 A typical synthesis
of a 5000/5000 bis-S polysultone/bis-A polycarbonate co-
polymer via "interfacial" polymerization is described be-
low.
Bis-S-polysulfone oligomer ( 5 - 0 9 Mn-5300 by titra-
tion) and bis-A polycarbonate oligomer ( 5 - 0 9 , Mn -5000 by
UV) were dissolved in 300 ml of tetrachloroethane in a
hood. The solution was somewhat hazy even at these concen-
trations. Separately, 0.2 gms of sodium hydroxide and 2.0
gme. of tetraethyl ammonium chloride were dissolved in 120
ml of distilled water. The oligomer solutions and the
I
aqueous solutions were combined in a Waring blender. The
I
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blender was fitted with a phosgene inlet. A combination pH
,l
.electron connected to=a digital pH meter (Orion 601) was
used to monitor pH during the polymerisation. The two
layers were rapidly mixed and phosogene addition was
j	 started. Vii-reaction time of 30 minutes was used, although
high molecular weight could be achieved at considerably
shorter times the pH was maintained at about 8.8 via
addition of 20% sodium hydroxide solution from a buret.
After the phosgene flow was stopped, the reaction product
was placed in a separation funnel for 30 minutes. An
organic phase and a foamy aqueous layer separated. The two
phases were precipitated separately in isopropyl alcohol.
The two precipitates were dried for 24 hours at 120 °C under
an aspirator vacuum. Total weight of the copolymers was
9.92 gas.
2.9 PERFECTLY ALTERNATING POLYSULFONE-POLYCARBONATE
COPOLYMER
The synthesis of a perfectly alternating polymer
involved the synthesis of the monomer structure given
below:
o o O-0-^=- oa o o -OH
followed by phosgenating the latter under analogous
interfacial conditions to yield the polymer.
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X.10 KINEM STUDIB8
A five necked 1000 ml round bottomed flask was
equipped with a stirrer, nitrogen inlet sparge tube, ther-
mometer, dean stark trap, water condenser with moisture
trap, a silicone oil bath with magnetic stirring bar, ther-
mometer and a magnetic hot plate. High purity bisphenol-A
Li	
(5.14 g, 0.0225 mole) 250 ml N,N'-Dimethyl acetamide (DRAC)
and 100 ml of toluene were initially added. The Dean Stark
trap was filled with toluene (43-45 mis) by gently heating
the above mixture. The reactor was continuously purged
with dry nitrogen and slowly heated to 130-140°C to remove
residual moisture. The reaction mixture was cooled to
about 80°C and exactly 3.19 gms (.023 moles) of uniformly
powdered, dry, anhydrous potassium carbonate was added un-
der a constant purge of dry nitrogen. The reaction flask
.`	 was then reheated to 140°C under nitrogen and good stir-
.
ring. It was observed that the potassium carbonate parti-
cles formed a very fine dispersion in contrast to the mono-
mere which had dissolved immediately. Good stirring was
required to maintain a homogeneous dispersion. The temp-
erature was maintained at 130-140°C for 2 hours or long
enough until no water distilled into the Dean Stark trap.
Sufficient amount of solvent was continuously
distilled to increase the bath temperature to 150° C. wt..:n
the temperature reached 150 °C almost all of the water had
already been removed and a very fine suspension of
bisphenol-A di potassium salt and/or excess potassium
ORIGINAL PACE IS
OF P00,11 QUALM
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carbonate apPeared. Dichlorodiphenylsulfone (6.46 gas,
0.0725 moles) was then dissolved in 35 al of dry DMAC and
15 als toluene and was heated to 140-150•C. The toluene/
DMAC mixture was continuously refluxed in order to maintain
the reaction temperature at 150 •C I 1°C. The resulting
total volume was estimated to be about 300 al. This figure
was arrived at by estimating a 10% volume increase due to
expansion from room temperature to 150°C. This allowed us
to estimate the alkali concentration as 0.15 equivalent/
liter.
ANALYTICAL SAMPLES.
5.0 al for analysis were withdrawn and emptied immedi-
ately into a 125 ml beaker containing 0.1 N HC1 in DMAC.
The acid reacted immediately with the base thus arresting
the reaction. The excess HC1 was back titrated with 0.025
N KOH in methanol using a pH meter. The first derivative
plot of aE/aV vs. volume permitted the equivalence point to
be measured.
2.11 HYDROLYSIS STUDY
It was of interest to study the possible hydrolytic
side reactions of dichlorodiphenylsulfone due to an excess
of anhydrous potassium carbonate and bicarbonate. The
reaction was studied under conditions of polymerization by
reacting DCDPS (2.786 gms, 0.01 mole) with potassium
carbonate (1.38 gas, 0.01 mole) and bicarbonate (2 gma,
0.02 moles) respectively. After five hours the reaction
mixture was cooled to room temperature and the product
I
_	 w
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analysed by thin layer chromatography:(T.L.C.) comparing
against DCDP8 and bisphenol-S. The T.L.C. was developed
using beasene/ethyl acetate mixture (75:25) and showed no
other product than dichiorodiphenylsalfone,- This was
further confirmed by pouring the reaction mixture in water.
Filtering and acidifying the filtrate to pH 6 showed no
product. Analogous treatment of a #'-diphenoxydiphenyl
sulfone and high molecular weight methoxy capped
polysulfone showed no change in intrinsic viscosities.
2.12 SYNTHESIS OF
2.12.1 MONOCHLOROI
Empirical Formula:
Molecular Weight:
Structure:
MODEL COMPOUNDS
DIPHENYLSULFONE
C12H11SO2C1
252
DO
{
C
r-
;
1
PROCEDURE. In a one liter flask, fitted with a stirrer,
separatory funnel, drying tube, and thermometer, is placed
350 gms (3 moles) of chlorosulfonic acid (Note 1). To it
is slowly added with continuous stirring 1 mole of
chlorobenzene, (Note 2), keeping the temperature between 20
and 25°C by means of cold water. The HC1 which is evolved
is trapped in a hood. The addition requires 1 hour. When
this is complete the mixture is stirred for 1 hour and
poured upon 600-700 gms of ice (Note 3). 100 ml of carbon
tetrachloride is then added and the oil is separated as
y	 N-	 _
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Soon as possible, (tots 4). The aquas -layer is shaken
with - SO al of carbon tetrachloride- The-combined extracts
are next washed with dilute sodium-carbonate solution and
the bulk of the carbon tetrachloride is distilled under at-
mospheric pressure (Note 5). The pressure is then reduced
to 10 vs. and the chlorobenzene sulfonylchloride is col-
lected as a middle fraction.. This is dissolved in 250 ml
benzene in a round bottomed flask and anhydrous aluminium
chloride is added carefully. Constant stirring and bub-
bling of nitrogen helps remove HC1 from the vessel. After
about an hour, 250 ml of cold water is added to the react-
ion from a dropping funnel. The reaction mixture separates
into 2 layers and the aqueous layer is shaken with 50 cc
benzene. The benzene from the combined extracts is removed
by a rota-vap. The residue on double crystallizations from
toluene yields a white product melting at 92°C.
Notes.
(1) If less than 50• excess of chloros3ulfonic acid is
taken the dichlorodiphenylsulfone is formed at the
expense of chlorobenzene sulfonylchloride.
s	 (2) Chlorobenzene must be added to the acid (not vice
versa).
(3) Although the sulfonylchloride forms a solid on the ice
it was .not possible to filter.
(4) Long contact times of sulfonylchlorides with water
hydrolizes it to the acid which can further catalyze
the hydrolysis.
ZMATERIALS. A mixture of bis-A (13.4 gms) and anilinehydro-
chloride (75 gas) was heated in a round bottomed glass fit-
ted with a stirrer, condenser and dropping funnel, to 180°C
and maintained at 180°C for half an hour. It was cooled to
100°C and diluted with water. The solution was transferred
to a beaker and treated with aqueous sodium carbonate to
produce a basic solution (pH 9). Excess unreacted aniline
was extracted with toluene. The aqueous layer was acidi-
fied to a pH 6, to precipitate the product. It was filter-
ed, washed with cold water and dried. Crystallization from
dioxane/water mixture produced a compound with a sharp
melting product of 1910C.(276-277).
Notes.
(1) Various mole ratios of bis-A and aniline hydrochloride
were studied. A mole ratio of 10-4 seemed optimum.C (2) The experiment was carried out at 140°C, 180°C and
2106 C. At 140°C, the yield was less than 40% and at
210 • C, the diamino derivative was obtained.
(3) Similarly, a reaction time of half an hour was found
sufficient.
1
pressure proved helpful d fir
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Structure:
E s-•ter,:
00-0-502-00
Reaction:
DMAC/K2CO3
OOH  C1- 
O 
SO2
TOLUENE
^aoo__^aS02_0
	
(67)
PROCEDURE. In a 250 ml round bottomed flask was added
monochlorodiphenylsulfone (2.54 gms, 0.01 moles), phenol (1
gm, 0.01 moles)) potassium carbonate (1.3 gms, Oo.01
moles), DMAC (50 ml) and toluene (50 mis). The system was
heated to 110 0 C and enough azeotrope was distilled to raise
the temperature to 145-150°C. It was maintained at this
temperature for 6 hours, by which time the reaction was
essentially complete. The reaction mixture was concen-
trated to 25 ml volume by collecting the distillate. This
was coagulated in water, filtered, washed and dried. The
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product was r*Mstallized from toluone - (HP 1440C). Yield
got. I *P. (C-0-C stretch at 1245 ew-l -Ow8=0 at
4.12.4 1 DIPSMUDIPUMMULPMR
EVirical - FOrmulAl C2018904
Molecular weigktt 402
Structures
rn,_O-Fn^-SO2-<n -0-.,,n
I.	 Reaction:
2	 OH + Cl-	 -802-	 -C1	 DMAC/K2CO30	 0-	 TOLUENE 130-150°C
00-0-S02-0-0-0 (68)
PROCEDURE, To a 250 ml three necked round bottomed flask,
fitted with a condenser, Dean Stark trap, nitrogen inlet, a
magnetic stirring bar and an oil bath was added DMAC 50 ml,
toluene 50 mls # dichlorodiphenylsulfone (2.87 gms t 0.01
moles), phenol (2 gma l 0.02 moles), and potassium carbon-
ate. The mixture was first heated to 130• C and then to
150• C and maintained for 2 and 6 hours, respectively. The
reaction was checked by T.L.C. to demonstrate the absence
of starting material. After 2 or more hours at 150°C it
E
2.12.5 4 4' DI-P-AMINOPBSNOXYDIPHEMYLOtJLME
Empirical Formula: C24H20SO4
Molecular weight: 404
Structure:
H2N- 0	 S02 	 -NH2
Reaction:
H2N- 
O 
-OH + C1- 
O 
-SO2- 
0 
-C1
v
DMAC	 Toluene
K2CO3 	 1500C
H2Nr 0	 L./ S02 	 -HH2 (69)
Testing of p-aminophenol. A T.G.C. of It p-aminophenol
on a silica gel plate was oluted in diethyl ether and
developed in iodine as well as by diazotization and
doupling with phenol. The T.G.C. showed a large spot at
ORIGINAL PAGE I`.
OV f-WR QUALI'! Y
r
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0.0 rf (30). As the impurity remained unchanged on diaso-
tisation it was inferred to not have an anilino group. The
purity of p-aei ph5nor eras calculat-dW to be tt least
9f0.
APPARATUS. One its al three necks round bottoms flask,
Dean Stark apparatus, condenser, #meter, magnetic
stirrer, nitrogen inlet and oil bath.,
P90CaDURs. To the round bottomed flask was added DMAC (50
al), p-amino phenol (15.1 gas), DCDPS (21.5 gms, 0.075
soles) and toluene (30 s1). The components were heated to
7'S'C with continuous purging with N2. it was maintained at
i
70-75•C for S minutes and cooled to 50 9C9 Potassium carbo-
t
note (9.63 gas) was added and heated to asootrope water.
The reaction was maintained at 150 •C for six hours, then
E	
-
E	 { cooled, vacuum filtered to remove sodium chloride and co-
agulated into a solution containing 2% No Co and 11 soldium
sulfite. The dioxins was washed with It sodium sulfite
	
F
	
crystallized f ran butanol toproduct with yield adried and y	 Y	 p
melting point of 192-193 • C (231).
2.12 .6 9aN 3^ 134-918 ((4-PHBNOXYP88NYL) SULFME
	
Ej 	
Empirical Formulas C30H22S206
 Molecular weights 342
Structures
0902 0
0-0-0-0-0-502-
_
APPARATUS. One three necked round bottomed flask, Dean
Stark trap, conCenser t magnetic stirring bar and oil bath.
PROC60URS. To the flask was added monochlorodiphenyl
sulfone (MCDPS)(5.04 gm, 0.02 moles), hydroquinone (1.1
gms, 0.01 moles), K2CO3 (1.4 gms, 0.01 mole), MAC (30 al)
and toluene (30 ml). The reaction was heated to reflex
(1300C) and was maintained at reflux for six hours. It was
then concentrated by distillation of toluene and coagulated
In aqueous methanol (2:l). The mixture was filtered under
vacuum and dried and recyrstallised form toluene to yield a
product melting at 211 0C, with a yield a 900. (I.R.
C-4-C-AT 1242 cm-1 no O-H groups were observed).
2.12.7 FROPANS 	 j4-FHZNYL80LMB4'-P8EHOXY
impirical formula: C39H3282O6
Molecular weight: 660
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Structures
Reactions
2 
0^
80
 VO-Cl + 
W0_KQ)_(M
MAC	 K2CO3 (71)
Toluene
	 1409C
NP
PROCEDURE. To a 100 al three neck round bottom flask was
added MAC (SO al), toluene (2S ml), monochlorodiphenyl
sulfone ( 5,09 gas, 0.02 mole), bisphenol-A (2.28 gas, 0.01
sole) and potassium carbonate ( 1.4 gas, 0.01 aole). The
mixture was purged well with nitrogen and heated to 140•C.
It was maintained at 140 0C until a sample showed no resi-
dual starting material on a T . L.C. plate. The reaction was
nearly complfjte in about 6 hours at 140 9C. It was cooled
to room temperature and coagulated in aqueous methanol
(2sl), filtered under vacuum, washed and dried. Recrystal-
li:ation from toluene yielded 5.6 gas of product with a
melting point 188 9C. (I.R. C-0-C-at 1445 cm-1 1
 OnS;O
sysmetric stretch).
AM
.^ _
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20120 i ATS'lplt'MO SYM"E8I8 OF JP--P DICWAMIPNUYL
"I dichlorodidiphenylsulfone i,d dionybensen•.
Wiricsl Poriwlas C30820$206C12
Molecular heights 611
Structures
Reactions
2 C1	 -80	 -C1 +O -OR
DMAC	 Toluene
(72)
K2CO3	 1S0•C
C1-0-802-0-0-0-0-0-$02-0-C1
PROCEDURE. To a 2SO al three neck round bottomed flask
fitted with a Dean Stark trap, condenser, etc., was added
dichlorodiphenyl sulfon* (574 gms), hydroquinone (11.0 qas,
DMAC (ISO ml) and potassium carbonate 14 gas). The
reaction was heated try 140-ISOOC and maintained until
sample showed the absence of starting materials on a T.L.C.
plate. At completion of the reaction it was ccsoled and
coagulated in aqueous methanol. The product was Cilteceli
under reduced pressure, washed with water and dried. A
2.12.9 ATTEMPTED SYNTHESIS OF 4-4 DICHLORODIPHENYL
f_ SULFONE 4,4'-DIPHENYL 2,2 PROPANE
Empirical Formulas C39H30 5206C1''
Molecular weights 729
Structure:
C1-	 $02-	
o ^J -o-
	
-S02-
	
-cl
Reaction:
t
2 Cl-	 -S02	
-CI +	 H-0 
	 0-F-0 OH
E '	 Toluene
DMAC	 (73)
K2CO3
f	 Cl O $02 O 0	 0-	 -S02-	 -Cl
^J
i
PROCEDURE. To a 250 ml three neck round bottom flask was
added dichlorodiphenylsulfone ( 57.4 gms, 0.2 moles) bis-A
(22.8 gms, 0.1 mole), DMAC ( 150 ml), toluene ( 150 ml) and
la gs^	 as	 #!`	 .s-._ _a__ a...at	 i___
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potassium carbonate (14 gds) after heating to 130°C to
azeotrope the water from the reaction, the temperature was
raised to 150•C and maintained at the same temperature#
until no starting materials could be observed on a T.L.C.
plate. The product was cooled and coagulated in aqueous
I^
methanol, filtered under vacuum and dried. The product	 -!
melted over a broad temperature range, possibly due to the
presence of other oligomers. Purification of the product
by recrystallization was impractical.
2.12.10 PREPARATION OF 4-4 DI P-HYDROXYPHENOXYDIPHENYL
SULFONE
Empirical Formula: C24H18SO6
Molecular weight: 458
Structure:
HO- a O-^ a S02-a^-O- a OH
PROCEDURE. Into a 500 ml three neck flask was added (22
gms, 0 . 2 moles) of hydroquinone, DMAC ( 150 ml) and toluene
(100 mis). The reaction temperature was raised to 130°C
and maintained at the same temperature, until no additional
water azeotroped. To this was added through a dropping
funnel DCDPS solution ( 28.7 gms in 50 ml toluene). The
addition was complete in six hours during which time the
temperature was gradually raised to 150°C after addition of
DCDPS solution. It was then cooled to room temperature,
filtered, neutralized and coagulated in aqueous methanol.
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The precipitate was filtered under vacuum washed well with
water and dried. Crystallisation from aqueous methanol
(1:9) yielded a product melting at 193°C.
Notes.C
The reaction was also performed using a higher mole
ratio of hydroquinone to dichlorodiphenylsulfone. It was
observed that the product obtained from a 5:1 mole ratio of
hydroquinone:dichlorodiphenylsulfone in the in situ
process was comparable to 2:1 in the performed phenoxide
C
and slow addition of dichlorodiphenylsulfone.
2.12.11 PREPARATION OF 4-4 DI (4 ISO-PROPYLIDENE PHENOL)
P EN Y-DMEVYL93i LF?5N'E—
Empirical Formula: C24H18SO6
Molecular weight: 458
((
	 Structure:
t'
HO- - O_ 	 O _OH
Reaction:
-S0
2-0-
Cl-Cl + 2HO-	 O -OH
Toluene
DMAC
	
	 (75)
K2CO3
HO- r -0- 
O 
-S02- 
O 
-0- 0 UXOH
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PROCEDURE. To a three neck 500 ml round bottom flask was
added DMAC (150 ml), toluene (100 ml), bis-A (46.2 gas, 0.2
eroles), K2CO3 (28 gms, 0.2 moles), and heated to 130°C and
maintained at this temperature until no more water azeo-
troped. The temperature was raised to 150 6 C and a toluene
solution of DCDPS (28.7 gms in 100 ml, 0.01 sole) was added
dropwise over a period of six hours. After completion of
this addition, the reaction was maintained at 150°C for two
more hours. It was cooled to room temperature, filtered,
acidified and coagulated in aqueous methanol (2:1). The
precipitate was filtered under vacuum washed well with 	 s-
water and dried. Melting point 106°C.
2.13 CHARACTERIZATION
2.13.1 DILUTE SOLUTION VISCOMETRY
The theory of dilute solution viscometry has been
presented elsewhere (280) and will not be considered here.
The intrinsic viscosity (n) of the oligomers, homo, random
and block copolymers was determined in methylene chloride,
THE or O-chlorophenol at 25°C of 30°C depending on the
nature of the polymers. A typical experimental procedures
is given.
j
APPARATUS. One semi-micro dilution viscometer (Cannon
Instrument Col) thermostatted water bath, nitrogen tank,
r7_
polymer solution (20 gm/liter). 	 3
PROCEDURE. Two ml of the solvent was added to the
viscometer and allowed to equilibrate in the thermostatted
a
Gt
r
t	 114
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water bath for at least ten nutee. Using nitrogen
pressure, the solvent was forced up the vise rater tube
unti'3:11W meniscus rose_ move the upper marlr. The 4*14ent
was then allowed to-drain-through the marks under gravity
ar#d the tine elapsea to pass the two marks was noted to the
nearest 0.1 second. At least three readings within 0.2s
were taken and the average value noted as the ` solvent flow
time T. Next, two al of the prepared sample is added to
the solvent in the viscometer such that the new
concentration was approximately 1Qg/liter. After
equilibrating' to `temperature, the solution was forced
through the viscometer and its flow time determined. The
same procedure was employed for at least three other
concentrations prepared by continuously diluting the
initial solution.
CALCULATION. The relative viscosity (nrel ) was taken as
the ratio of solution flow time to solvent flow time
(n=t/to). The reduced viscosity (nsp = (n-1) /C) and the
inherent viscosity (ninh - In n/C), were calculated for
each solution and plotted versus concentration.
Extrapolation of both curves to zero concentration provided
the intrinsic viscosity (n). Comparison of the (n) values
for a series of similar oligomers provided an approximate
idea of their relative molecular weights.
2.13.2 MEMBRANEB  OSMOMETRY
R
	
	 In membrane osmometry the <Mn> is calculated using the
following equations
flY- .',	 -	 may.
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Lin (A/c) : RT/<Mn>
	
(76)
C-..--#)
where A is the osmotic pressure, •c" the concentration, R
is the etas constant and T is absolute temperature.-in
degrees Melvin. The membrane osmometer (Wescon 231) was
used for determining high molecular weight polymers
(20,000-200 1 000, or higher).
A series of four or more concentrations of the polymer
under investigation (2-10 gm/liter) were prepared in
chlorobenzene and carefully filtered to remove dust and
other debris. An aliquot of solution was injected into the
inlet tabe of the osmometer and the level set to that
established during the calibration steps. The change in
pressure with time was followed direcly on a strip chart
recorder until a constant pressure level was achieved. At
least two points were obtained for each concentration. The
results were plotted as A/c vs. C and extrapolated to zero
Concentration. Using equation (76) above, <Mn> was
calculated.
2.14.3 END GROUP ANALYSIS
As the synthesized polymers were hydroxy terminated, a
simple and rapid method to determine the absolute number
average molecular weight was developed in our laboratory
(309). The method involves the potentiometric titration of
the end groups in a non-aqueous medium using tetrabutyl-
ammonium hydroxide as titrant.
>,E
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MATERIALS. A pN meter (Orion 601A`) Witt glass and calomel
electrodes (Thomas No.4492-f1S and 2090 S-1S respectively),
several 40 M titration vessels, a 2 ml Gileont microburet
	
u	 (Thomas No.1996-B55), stirring bar (4ms,10) purified DNAC
and it solution of tetraethyl ammonium hydroxide in
distilled water.
PROCEDURE. A sample of hydroxyl terminated polysulfone was
accurately weighed into titration lfask and dissolved in 20
ml DMAC with stirring, while dry carbon dioxide free,
nitrogen was passed over the solution. After complete
dissolution of the polymer, the electrodes were immersed in
the solution and the buret lowered such that the tip just
pierced the surface. After recording the inital volume and
cell potential, 0.05 ml portions of the titrant were added.
The titration was continued until the cell potential
droped steadily with each addition of titrant.
CALCULATION. The molecular weight of the polymer was
calculated from the equation:
M - 2(W)/(V)(C)
	 (77)
	
1	 where:
W = weight of sample in grams
C = concentration of titrant in moles per liter.
(V) = volume of the titrant which is determined using
a second derivative plot of volume of titrants
vs. the corresponding millivolt reading.
E
now
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2.13.4 GSL PUMEATION CHROMATOGRAPHY
The molecular weight distributions of the oligomers
and copolymers were determined on a Waters HPLC and Dupont
high pressure liquid chrowatographs. Tetrahydrofuran (THF)
or methylene chloride solution of approximately 0.2 weight
percent concentrations were injected into the chromatograph
at a flow rate of 10 m1/minute at 25°C, UV and differential
ref ractometer detectors were used.
2.13.5 NMR ANALYSIS
The spectra of homo and copolymers solutions (10%
solution in CDC13) were recorded at 34°C using a Varian
EM-390 Spectrometer. Due to the insolubility of
hydroquinone polysulfone in CDC13, N-methyl pyrolidone was
used as the solvent and only the aromatic region was
scanned. Tetramethyl silane was used as the internal
reference. Copolymers containing a high percentage of
hydroquinone (50% and above) were prepared by dissolving
the sample in 1% TMS containing chloroform.
2.13.6 INFRARED ANALYSIS
Infrared spectra in the range of 4000-200 cm were
measured using a Perkin-Elmer 283 Spectrometer., A 28
Kgr-pellet sample was dried under vacuum and the spectra
was recorded in the normal mode.
i
i
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2.14. T	 9#► a11l+lXIfiYSi6
The trans it ion properties of tha polysars wi"re
studied by asanS- of the differential scanning calorimeter
(Dec) Perkfh-slur lei-2.	 (The instrument was calibrated
using an Indium-`reference'(Ta = 15606 C O Xf = 6.8 calories/
ga).	 The dried polymer powders were used as samples.
Scans were obtained at 40 • C/minute at a sensitivity of 5.20
millicalories/sec.	 In most cases, the first heating re-
moved any previous thermal history.	 The second run was re-
corded.	 In studying solvent induced cyrstallization
°C)(2546C) or phase separation (300the experiments were
extended up to twenty four hours.
2.14.8	 DYNAMIC MECHANICAL MEASUREMENTS
Before describing this technique and the experimental
f set up a brief review of the theory is first appropriate.
Polymer materials are viscoelastic in nature and their
Cmechanical properties exhibit a pronounced dependence on
temperature and time.	 The viscoelastic response to thermo-
f
mechanical excitement can give valuable information regard-
f ing molecular motions and even polymer structure, e.g.
crystallinity.	 In the case of dyanamic-mechanical testing,
often the time factor is held essentially constant by using
a constant frequency operation. 	 The viscoelastic response
is then studied over the desired temperature range. 	 The
frequency is then changed and the experiment may be re-
m
peated to obtain information about the time dependence of
response.
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Dynamic mechanical testing may be performed by many
methods. The common ones are # for example, those using the
torsion pendulum, resonant rod, ultrasonic techniques and
forced ostillation procedures. The cheovibron, which is a
forced oscillation procedures was employed for this study.
The sample is held rigidly by clamps, one of which is con-
nected to a strain gauge and the other to a stress gauge.
A sinusoidual strain is then applied to the polymer sample.
The relations between the strain a and the angular
frequency at any time t is given by "w" the frequencyo
iwt
C • Coe	 (78)
where co is the strain amplitude and w the frequency.
The stress a varies sinusoidally with the same
frequency. However, due to the viscous molecular
processes, there exists a phase difference between the
stress and strain. if the phase angle is represented by d
the expression for s is given by
i(wt + d)
a 0 ap	 (79)
where a is the stress amplitude.
E* = =	 (80)
e
Representation in the complex plan also gives
E*
 - B e + ic,	 (81)
where E' and E are termed the storage and loss mocluli
respectively.
fl,
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Also
8•'
_n tan d	 (83)
t9
^rr
l
M	 {
g
where tan a is referred to as the dissipation or loss
factor.
The significance of these parameters is easily
understood by a simple derivative which gives
AV
- WMM - • 3 tan d
	
(83)
Met
where AM • energy dissipated per complete cycle (due to
viscous forces) and No t the maximum stored energy (due to
elastic force) .
Energy dissipation displays a maximum when the
frequency of operation corresponds to the relaxation times
of the molecular processes. The molecular processes are
thermally activatedy therefore, variation in t and with
respect to temperature or frequency yields useful
information regarding the molecular mechanisms. These
molecular mechanisms may range from oscillations of pendent
groin on side chains of the polymer molecule to the
backbone movement of these macromolecules.
All dynamic-mechanical measurments were made on a
Rheovibron Visco-Elastomer (Togo Baldwin Co., Ltd.)
supplied by Imass Co. At the start of the experiment was
the sample length (distance between the two clamps) was S
cm in all cases. The sample width varied from 0.45 to O.SO
cm while the thickness varied from 5 mils to 8 mils, A
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frequency of 3.5 as was wWloyed for all mechanical spectra
measurements and liquid nitrogen was used as a refrigerant
in order to obtain sub-ambient temperatures. The raw data
from the rheovibron experiment was punched on cards and,
with the aid of a computer program, plots of !', s• and tan
d as a function of temperatures were obtained.
2.13.9 TENSILE  TESTING
The stress-strain properties of the copolymers were
examined on a Scott and an Instron tester. Dog bone shaped
specimens were held between the jaws of the pneumatic
clasps at a pressure of 90 psi and strained at two inches
per minute until they fractured. At least five specimens
of each polymer type were tested and average values for the
yield stress and elongation as well as the ultimate stress
and elongation were calculated.
2.13.10 SCANNING  ELECTRON MICROSCOPY (SEN)
Hydroquinone polysulfone and bis-A polycarbonate can
be induced to crystallise by certain liquids such as ace-
tone. The surface morphology of the films before and after
treatment was observed with the aid of a scanning electron
microscopy (Super III-A ISI). The samples were placed on
stub and coated with gold using a SPI sputter T.M. model	
!
13131. The coating thickness was approximately 50 A-75 A.
In the scanning electron microsope, a very Fine electron
beast hits the specimen producing secondary electrons.
F
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These back-scattered electrons are collected and produce a
signal used to date the intensity of the been in the
cathode-ray tube, this fora an image. Photographs of
these images can be taken.
l	 3.13.11 NIWAX= Xi DIFFRACTION S! I
Phillips table top X-ray generator pw 1720 ryas used to
obtain aide angle X-ray diffraction patterns for the 1^	 Y	 ^	 poly-Y
more under study. Boole* were about 15-20 = thick and
the exposure time was of the order of eight hours per
saople. The operating voltage was 60 kv and the current 2S
PA. The sample to film distance was 6.3 cm in all cases.
A detailed review of the theory is given in reference
(282)0
3.13.12 ELECTRON SPECfFA)SCOPY FOR CHEMICAL ANALYSIS ESCA
ESCA is unique as a surface characterisation technique
because it gives information about elemental composition,
oxidation state and molecular structure. In the ESCA tech-
nique, the sample is bombarded with X-rays in vacuum. This
=-	 results in ejection of photoelectrons from the surface.
The energy of the absorbed X-ray quanta is partially ex-
pended in overcoming the energy which binds an electron to
an atom and the rest is converted to kinetic energy of the
--	 ejected electron carbon ( is) is arbitrarily assigned a
value of (265 . 0 ev) as a means of binding energy referenc-
iag and charge correction.
L7 4:
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`£	 she data output is in anal form with electron in-analog
tensity in counts/seconds/centimeter plotted an the ordi-
nate versus #Warent binding energy in eV on the abscissa
decreasing from left to right and precise to within a tenth
of an electron volt. The corrected binding, enorgies were 	 =,
obtained directly from the spectra.
The +sample mast be mounted on the holder for analysis.
fl
Depending on the form of the polymer, this can be
accomplished in any one of a number of ways. Films are cut
to the size of the holder and mounted using adhesive
transfer tape. Powders are impacted onto the sample peg
with transfer adhesive tape or double sided adhesive tape.
If the sample is in solution or is soluble in a low vapor
pressure solvent, it may be cast directly onto the sample
peg, thus eliminating the need for an adhesive tape and any
interference in the spectra of the polymer that may arise
due to incomplete coverage of the tape. Caution was
exercised not to introduce any contaminants onto the
polymer surfaces during cutting and mounting.
Difficulty may arise with some samples when intro-
ducing the material to the analyser due to .:ae vacuum or
the X-rays, if the solvent is not completely evaporated
out of the sample or if the material produces by-products
upon irradiation (as a result of photolytic decomposition)
which will outgas at a pressure of 10-7 torr• a loss of
vacuum may result. The DuPont 650 is designed so that if
c	 129
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the pressure is greater than 10-5
 torn, the analyzer volt-
ages will not turn on.
Information about the polymer obtained from the spec-
trometer is output in an analog form. Charge correction is
made by taking the main carbon is peak to be at a binding
energy of 285.OeV and ad;usting the other peaks according
to the amount of shift exhibited by the C is peak.
' :hp peak intensity W .:h is proportional to concentra-
tion can be measured in one of two ways. The area under
the peak can be evaluated or the peak height can be measur-
ed. In determining the area, the peak shape was cut and
weighted after subtraction of a linear base line. In tri-
angulation area measurements the convoluted peak intensity
is obtained. Peaks well separated from the main peak such
as shake-up satellites can be measured separately.
In evaluating the peak intensity by height, the
baseline is constructed and the height measured to the peak
maxi.aum. Intensities of shoulders and peaks not completely
separated from the main can be evaluated, recognizing that
intensities and binding energies so obtained are
approximate and as such may have considerable error.
Information available from the ESCA technique, and the
principal features observed in ESCA spectra are listed in
Table 8 (308).
r^
TABLE 8
PRINCIPAL FEATURES IN THE ESCA SPECTRA OF POLYMERS
( Ref . 308)
SPECTRAL FEATURE
	
INFOR14ATION
1. Main peak position	 Atom identification
2. Chemical shift	 Oxidation State
3. Peak area ratios	 Stoichiometry
4. Shake up satellites	 transition
w>
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2.14 NO 
	 CARLO SIMULATION
As mentioned in the introductory section, the nature
of the step-growth mechanism of chain extension combined
with variation in the reactivity of the second monomer
functional groups renders the system difficult to model
mathematically. Analytical solutions are limited only for
very simple cases. We have obtained results by Monte Carlo
simulation of the reaction. The method is no less
ambitious in function but replaces the mathematical
analysis by a digital-computer algorithm in which the
approximation due to the requirements of the mathematical
analysis have been avoided.
2.11.1 DEFINITIONS
The polycondeneation reaction considered here is of
the type where A-A and B-B monomers react with C-C mono-
mere. A-A and B-B monomers may have the same functional
group with different structures, such as bisphenol-A and
hydroquinone or different functional groups and structures.
However, A A monomers cannot react with B-B type. These
monomers are called comonomers. Both these comonomers can
react with the third monomer C-C which we define here as
the intermonomer. Typically, theis could be phosgene,
terephthalic acid chloride etc., for simplicity they may be
represented as -A-, -B-and -C-. This structure of the co-
polymer thus formed can be represented as follows:
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-A-C-B-C-B-C-B-C-A-C-	 (84)
The presence of the interwonomer between the comonomers is
an obvious necessity. The possible triads are -A-C-A-e
-B-C-8 and -A-C-B-. The -A-C-A- and -B-C-B- triads are
referred to as homotriads and the -A-C-B- as the hetero
triad. It is now possible to describe the microstructure
of the copolymer in terns of the proportion of the various
triads.
Consider a system of equp ! amounts of -A- and -B-. A
random/statistical copolymer would have -A-C-A- _ -B-C-8-
0.25 = -B-C-A- - O.S. A block copolymer would have -A-C-A
and -B-C-B - 0.5 and -A-C-B- nearly zero. A perfectly
alternating copolymer would have -A-C-B- nearly equal to
one. A more concise way of defining and describing the
microheterogenity is the representation used by the authors
in reference (254). They define Km the coefticient of
microheterogenity as:
Km = PAB/( PAB + 2PA) + PAB/( PAB + 2PB)	 (85)
where PAA• PBB. PAB are the fractions of the three triads.
For a mixture of two homopolymer PA B = 0 and thus Km = 0
for a perfectly alternating copolymer P A= PB- 0 and Km - 2.
Thus the value of Km would represent the type of
distribution.
i
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2.16.2
	 SIMULATION NODBL
Our model is built to simlulate both the A-A, B-B type
Y	 '
as well as the A-B type polycondensation. 	 It also has the
capabilities of adding different types of monomers at any
stage of the reaction at various reaction rate and feed
ratios.	 The mechanism of the simulation technique is to
keep track of triads formed at various extents of reaction.
At any stage in the reaction system only the following
different combination of functional end groups exist.
There are -A-, -B-, -C-, -AC-CA, -AC-BC - t -AC-AC- 1 -BC-CB-8
-BC-BC-,-BC-AC-# -CA-AC-,-CB-BC-,CA-BC-.	 The probability
of a certain type of macromolecules forming depends on the
rate of reaction and relative abundance of the reactant
molecules.	 In a similar way the probability of formation
of all possible types of macromolecule is calculated and
' the probabilities normalized.	 The probability of a certain
i
macromolecule being formed is determined by the "Random
Number Generator" (268). 	 The whole process is repeated,
one bond formation at a time until the reaction is com-
plete. The Table 6 shows the thirteen different reactive
species. The column heads represent molecules that have a
comonomer at one or both functional ends and the rows
represent molecules that have an intermonomer at one or
s
both ends. A molecule is formed by the reaction of a
4
"column-molecule" with a "row-molecule".
f
A traid is formed only when a reacted intermonomer
ri 	
(dimer or oligomer) reacts with a comonomer (both monomeric
ORIGINAL PAGE IS
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and oligomeric). in other other words all possible rose-
tione involving other than monomeric intermonomer can pro-
duce a traid. Also no triads are formed when monomers re-
acts
For a better clarity of the simulation mechanism, con-
eider a reaction of five -A-$ # five -B-s and ton -C-s # with
-B-s reacting 100 times faster than -A-a. At the beginning
of the reaction we have 5A # 5B and 10C. Thus there are
only two different molecules that can form. They are -AC-
formed by the reaction of -A-and -C-or -BC-formed by the
reaction of -B-and -C-. The probability of their formation
is given by the product of the relative abundance of the
reactants and their reaction rates. Thus the probability
of formation of -AC-and -BC are 10 x 10 x 1 and 10 x 20 x
100, respectively * Thus -BC-is the most probable molecule
that will be formed. The following possibilities now exist
for the second bond formation. In addition to -AC- and
-BC-formed by monomeric reaction, -BC-formed in step one
can also react with the monomers. Thus the following pos-
sibilities exist (See Table 9) j the formation -AC-, -BC-,
-BC-A, -BC-B-, -C-BC- 1 -BC-BC-. Their respective probabili-
ties are 10 x 18 x 100 -1800 and 1 x 18 x 100	 800 and 2 x
1 x 100 = 200. Once again -BC-is the most probable mole
cule to be formed. it is interesting to note here that
only the reaction of -BC-with the comonomers results in a
triad. The whole process is repeated until completion.
one can thus assess the number and type of triads formed.
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In the actual simulation reaction 1000 intermonomer
molecules with a stoichiometric amount of comonomers were
reacted. Each reaction was simulated 25 times, under these
conditions the standard error was less than 0.10.
2.16.3 PROGRAM DEBUGGING
As in all computer programs, debugging is very
important, especially when used for Monte Carlo simulation.
Credibility of the program was accomplished by testing for
known outcomes. The following events were used.
(1) A reaction with only -A- and -C- ------ Homopolymer.
(2) A reaction with only -B- and -C- -----+ Homopolymer.
(3) A reaction with no C s	 -----+ No reaction.
(6) Insufficient Cs ------- No. of triads - No. of C s.
(5) Equal reactivity ratio -----+ Symmetric results.
(6) Reaction with -A-s, -B-s and -C-s with P-O. ----+
Only -A-C- homopolymer.
(7) Reaction with -A-s, -B-s and -C-s with Q-0 -----+
Only -A-C- homopo.l.ymer.
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Figure 9
GLOBAL FLOW CHART FOR THE SIMULATION OF TRIAD FORMATION
IN CONDENSATION REACTION
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Chapter III
RESULTS AND DISCUSSION
3.1 KINETIC AND MECHANISTIC APSE CTS Of THE POTASSIUMWLT.MC PROCBSF_
3.1.1 HYDROLYTIC SIDE
The classical route for the synthesis of polyarylane
ethersulfones is via the diemthyl sulfoxide/aqueous sodium
hydroxide route (154). This method is not without limita-
tions since it requires the exact stoichiometric amount of
sodium hydroxide. Even a modest It deviation in the base
drastically decreased the reduced viscosity (RV) in chloro-
form at 25°C of the resultant polymer from 1.8 dl/gm to 0.6
dl/gay . Also the effect of lack of alkali, on the reduced
viscosity was greater than the corresponding excess. De-
crease in viscosity in the presence of excess base has been
attributed to the hydrolytic side reaction of dichlorodi-
phenylsulfone, resulting in the formation of a relatively
inactive phenoxide group (154). Two equivalents of the
base are used as shown in the reaction below:
O+ NaOH --+ODS02-0-OH (86)
- +
502-0-OH + NaOH ---• n 302-0-ONa (87)
More recently (283) it has been reported that the lack
of alkali not only disturbs the stoichiomet,ry of bisphenols
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but that the unreacted phenol can hydrogen bond with an
equivalent amount of sodium phenate, thereby reducing the
nucleophilicity of the phonate by nearly one order of
magnitude. The complex formed is believed to be:
-0- 0*9*0 R04-00+0+Na
HYDROGEN BONDED COMPLEX
Thus in the presence of excess alkali only half an
equivalent of the halide is converted to the unreactive
phenoxide while the lack of alkali renders more than an
equivalent of phenoxide unreactive. This rationalizes the
greater decrease of reduced viscosity when a lack of alkali
is used.
Although the ether bond is stable to hydroysis the
presence of excess base under reaction conditions can
cleave the activated ether linkage ( 156). The polymer
hydrolysis is shown below:
N/bIVN O
	 O YY /	 r 0 —ONa
rr_
	
^^^^ O -ONa +	 -o-	 -S02	 (88)
l
This hydrolysis reaction particularly limits the scope of
the reaction in the synthesis of block copolymers.
r
180
The effect of a modest excess of anhydrous potassium
carbonate on the hydrolytic side reactions of the diholide-
diphenoxydiphenylsulfone and nethoxy terminated polysulfone
were studied, as outlined in the experimental section.
C1	 -80	
-Cl
0­0-0-80ro-0-0
oo 0Qa= o 0 0 ^•>
These studies show no hydrolysis of the halide or the poly-
mer in presence of potassium carbonate.
3.1.2 DMAC/TOLUENE AZEOTROPE STUDY
DMSO is sensitive to acidic or basic moietiem (284).
In the presence of excess alkali or alkaline solution,
(e.g. # potassium hydroxide or potassium t-butoxide) DMSO is
subject to auto oxidation. This is likely to be due to the
deprotonation of DMSO to form the mettayi-sulphinyl
carbanion ( 285). Acidic substances such as phenol may also
react with DMSO.
,3	 \2
6-0 + 8- -------+	 S-O + BH	 (89)
CH3
	 H3
3
-
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Our interest in synthesis and study of copolymers required
the need for preparing and coupling well characterised
oligamers. Although the WM/NaW does produce high
molecular weight in a very short time, polymer hydrolysis
poses a problem in maintaining block integrity due to the
ether interchange reaction.
To reduce the emphasis on the exact amount of alkali,
it was of interest to study the anhydrous potassium car-
bonate/NA' dimethylacetamide route. Although this solvent
has a comparable cation solvating power to DMSO, it is not
significantly affected by excess anhydrous potassium car-
bonate. This process has received less attention compared
to the DMSO/N&0H route. The literature available on this
alternate process is mostly confined to patents (see Table
4). The success of the polymerization reaction using a bis-
phonate and an activated halide is largely dependent on the
ability of the solvent to homogenize both the phonate and
the growing polymer end under anhydrous conditions. The
solvent composition during the reaction also influences the
kinetic or the rate of reaction. Since azeotropi; data was
not available under the experimental conditions, the DKAC/
Toluene azootrope was studied as outlined in the experi-
mental section. Figure 10 shows the gas chromatography
trace of the condenstate composition at various tempera-
tures. Using the results obtained from this, the condensate
and reactor compositions were calculated and plotted for a
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series of temperatures as shown in Figure 11. At all times
during the distillation the reactor temeprature was, of
course, higher than the condensate temperature. However,
at any given temperature, the condensate contained more
toluene than the reactor, still as one might predict. At
150°C, which was often the temperature used for the
polymerization reaction, the reactor composition was found
to be 85:15, DKAC;Toluene as indicated in Figure 11.
3.1.3 KINETICS OF BZS-A PHENOXIDE WITH DICHLORODIPHENYL
SULFONE IN DMAC/TOLUENE
Both NMR and infrared spectroscopy of model compounds
and polymers obtained by reacting dichlorodiphenylsulfone
with monophenols and bisphenols (see synthesis of model
compounds in the experimental section) via the DMAC/K2CO3
were consistent with all para products, i.e., no meta or
ortho products ware observed, ruling out the possibility of
the benzyne mechanism (see section on "NMR of copolymers").
This is of course analogous to the DMSO/aq NaOH procedure
(154). The formation of the orange yellow color upon the
addition of the sulfone to the phenoxide has been reported
to be possible formation of the Meisenheimer type sigma
complex formed by the reactants (154). It is likely that
the formation of the ether linkage occurs exclusively via a
bimolecular process.
The polymer forming reaction between dif.unetional
groups has been shown to be second order with respect to
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the concentration of the functional groups ( 155). The
equation representing the rate of reaction is expressed as
follows$
d JOB)
_..^_	 R[ArO-IlArgl	 (90)
dt
where (Ara] and [AAI represent the concentrations of the
phenoxide ion and the activated halide. The integrated
form of the above equation is show below for equal initial
concentrations of the monomers.
1 1
-- _ --- + kt
C Co
(91)
where Co and C are the concentrations of the phenoxide ion
at t•0 and at any given " t". Thus a plot of 1/C vs. t
should yield a straight line with a slope equal to "k" the
reaction rate constant. A typical plot of bisphenol-A with
dichlorodiphenylsulfone for the DMSO /aq NaOH process ob-
tained by Schulze and Baron (155) is shown in Figure 12.
The initial curvature in the plot was reported to be due to
the greater reactivity of the monomers. By comparison a
similar plot Figure 13 of the reaction of bis -A phenoxide
i
	
with dichlorodiphenylsulfone via the DMAC/D 2CO3 route show-
ed identical behavior. Interestingly, it was not possible
is	 to reproduce the result, that is, the plot does not show
any portion of completely linear behavior ( Figure 14A).
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The non-linear nature of the plot suggests that it may not
be a second order reaction where C A - CB. A more meaning-
ful interpretation was sought by plotting C vs. T and tak-
ing the slope at various points to obtain the expected dif-
ferential, do/dt. The order of the reaction was then ob-
tained by plotting do/dt vs. C on a log-log scale. The
slope of the curve at various C yielded the order of the
reaction at the respective concentration C. The order of
the reaction for preformed phenoxide at 150°C for various
initial concentrations varied from 0.85 to 1.35. See
Figure 14B.
As the nature of the reaction seemed complex a model
reaction of p-(t-butyl)phenol, an example of a model
wonofunctional phenol with dichlorodiphenylsulfone was
studied. The reaction conducted in an analogus manner,
is. preformed phenoxide was reacted with dichlorodiphenyl-
sulfone. A second order plot of 1/C versus "t" did not
yield a straight line (Figure 15). However, a smooth curve
was obtained from a plot of conversion versus time. See
Figure 16.
As the expected second order plot was not obtained for
both the polymerization (Figure 148) and the model reaction
(Figure 17) at equal concentration of the reactants, it was
reasoned that the reactive species (the phenoxide and the
halide) were present in non-stoichiometric amounts in the
reaction mixture. That is, the phenoxide ion concentration
was far less than expected. To verify this, the
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i
concentration of total base in the reaction system at vari-
ous temperatures -ire studied as outlined in the experimen-
tal section. A plot of total base as a function of temper-
ature is shown in Figure 18. The concentration of total
base shows a six-fold increase in solubility ( from 0.01 to
0.065 gm eq/liter) as the temperature increases from 130•C
to 1600 C9 Also, the maximum base concentration is 0.07 gm
eq/liter at 160 'C. As the kinetic study was performed at
much higher concentrations than this only a fraction of the
total expected phenoxide was present. This could be due to
the incomplete formation of the phenoxide caused by the
poor solubility of the base under reaction conditions or
the insolubility of the diphenoxide formed or both. These
possibilities are shown in the equations below:
K2CO 3 (solid) „= K2CO3 (sole )	 (92)
KHCO3 ( solid) KHCO3 (soln )	 (93)
MO-Ar-OPI	 ---^ !♦ -Ar-aM	 (94) 
(solid)  (solution)
As DMAC has cation solvating power comparable to DMSO one
would expect much higher solubility of the bisphenate than
observed. However, under reaction conditions, the azeotro-
pic study shows the presense of a significant portion of
the non-polar toluene. This would drastically reduce the
solubility of base in DMAC. in addition to the above re-
4	 actions there is also a rapid acid-base equilibria between
phenols and carbonates. Bicarbonate farmed by the reaction
•	 15
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of potassium carbonate and bisphenol can also react with
phenol to form phonates. The reaction is accompanied by
the evolution of carbon dioxide and formation of water.
`:2CO3 + NO-Ar-OH	 KO-Ar-OH + KHCO3	 (95)
+	 +-	 - +
K2CO3 + KO-Ar-OH	 KO-Ar-OK + KHCO3	 (96)
The bicarbonate could also undergo deco mposition to give
carbonate, water and carbon dioxide. The carbonate formed
from decomposition of bicarbonate can undergo the same
cycle of reactions. The presence of toluene aids the
removal of water formed by the reaction of bicarbonates,
thus maintaining anhydrous conditions.
K2CO3 + HU-Ar-OH ^=-+ KO-Ar-OH + H2O + CO2	 (97)
KHCO3
 + KO-Ar-OH	 KO-Ar-OK + L20 + CO2	 (98)
2KHCO3 ------+ K2CO3 + CO2 + H2O
	
(99)
Phenoxides formed by the above reactions react with halides
to form ether linkages. Due to the greater reactivity oZ
monomers than dieters or oligome r.s, the following reactions
may be envisi::ned to occur
+-	 -+	 kl	 +-
KO-Ar-OK + X-Ar-li	 KO-Ar-O-Ar-X + KX	 (100)
^- •	
fit=
i
3
z«
157
k	 -
KO -Ar-OK+ 	 X-ArNNNN ^. KO- Ar -O-Ar---- + KX	 (101)
k
----Ar-OK+ + X-Ar-X	 -NArOArX + KX	 (102)
NNNNArOK + X-Ar/VN	 NNNNArOArN~-- + KX	 (103)
In the first two reactions the bisphenoxide reacts
with monomeric dihalide and a reacted halide respectively.
Reaction (102) takes place between an oligomeric phenol and
a dihalide. Reaction (103) between an oligomeric phenol
and an oligomeric halide truly represents the
polymerization reaction. During the inital stages of the
reaction, i.e., less than 50% extent of reaction, K 1 1 K21
and K3, wi11 influence the overall observed kinetics.
Beyond this point K 4 is the predominant contributor to the
observed rate constants. Although K4 influences only after
50• extent of reaction, from a polymerization point of view
only dieter are formed at this stage and the polymerization
process has just begun.
Compared to the DMSO/aq NaOH route, this alternate
route is nearly 10 times slower. The solubility and acid-
base equlibria influence only the concentration of
phenoxide and therby the order of the reaction. The slower
reaction rates are due to hydrogen-bonding of the phenoxide
with unreacted phenols and the lower dielectric constant of
the reaction medium due to the presence of significant
amounts of toluene.
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From a more practical point of view we have studied
the reaction by an in situ method. Here both the monomers
and the base were added to the reaction solvent, i.e., the
phenoxide was formed in situ. The reaction kinetics were
studied at three different temperatures, 140°C, 150°C, and
157°C, respectively. A plot of conversion versus time is
shown in Figure 19. Qualitatively one observes that the
time taken for 508 extent of reaction to be completed is
about 130 minutes, 45 minutes and 25 minutes at 140°C,
150°C and 157°C, respectively. At the end of ten hours at
the above condition, the reaction carried out at 157°C
produced high molecular weight polymer while the one at
140°C yield only trimer and oligomers. In these cases too
the reactions were of fractional order. See Figure 20.
3.2. SYNTHESIS OF POLYSULFONE OLIGOMERS
During the course of investigation several homopoly-
mers of polysulfone were synthesized by the K2CO3/DMAC
route as described in the experimental section. Results
and discussions of their characteristics are given in this
section.
Various number average molecular weight polysulfone
oligomers derived from bisphenol-A, bisphenol-T, bisphenol-
S and hydroquinone were prepared by using calculated
monomer mole ratios. These ratios used were such that the
oligomers were always phenoxy terminated. This helped in
the characterization of oligomers and also in subsequent
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reactions for the synthesis of block copolymers. The use
of a modest excess (10-20%) of anhydrous potassium car-
bonate did not reduce the intrinsic viscosity of the re-
sultant bis-A polysulfone. Figure 21 shows a plot of in-
trinsic viscosity (at 25 • C in methylene chloride) as a
function of mole percent of anhydrous potassium carbaonate.
Reduction in the intrinsic viscosity due to lack of alkali
results in less than calculated amount of phenoxide being
formed thereby forming lower molecular weight oligomers.
The IR spectra of all polymers showed peaks at 1245
cm-1 characteristic of C-O-C stretching of aryl ether
group. Also, doublets in the region of 1280-1320 cm-1
resulting from asymmetric O=S=O stretching were observed.
Aromatic ring vibrations at 1010 cm- 1 were consistent with
para substituted products. Absorption bands were not found
in the regions characteristic of ortho or meta substituted
products. Figure 22 shows a typical IR trace of bis-A
polysulfone, obtained via the DMAC/K 2CO3 route. Table 10
shows the various spectral assigments (288,289).
The NMR spectra of bis-A polysulfone is shown in
Figure 23. The protons at 1.7 ppm (TMS-0) are due to the
aliphatic protons from the iospropylidene moiety of
bisphenol-A. The remaining proton signals are observed in
the aromatic region (6.7-8 ppm). For clarity, an expanded
aromatic region is shown in Figure 24. The spectrum shows
a series of doublets arising from non-equivalent ortho pro-
tons as indicated by a typical coupling constant (J value)
ti
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TABLE 10
INFRARED PEAK ASSIGNMENTS FOR POLYSULFONES
(Ref. 288,289)
Frequence
(cm-1 )	 Assignments
4	
3310
intermolecularly hydrogen bonded
3200
3078
3052	 aromatic C-H stretching
3040
2970	 R-H stretch
1610
1577
aromatic C ==== C stretching
1510
1465
1430	 asymmetric C-H bending deformation
of methyl group
1390	 symmetric C-H bending deformation
in plane O-H bend (these bands
1350	 result from interaction between
O-H bend and C-0 stretch
1325	 doublet resulting from asymmetric
1289	 OZS*0 stretching
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TABLE 10 (can't.)
INFRARED PEAK ASSIGNMENTS FOR POLYSULFONES
Frequence
	
(an-1 )	 Assignments
	
1245	 asymmetric C-O-C stretching of
aryl ether group
	
1190	 C-0 stretch
	
1146	 symmetric stretching of O-S-O
1064
O-S-0 vibration
993
	1010	 aromatic ring vibration of
p-substituted benzene
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FIGURE 24. PROTON NMF: SPECTRA OF 51 3 A POLYSCLFONE
(AROMATIC REGION ONLY)
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s
of 8.2-614 d/s. The most downshifted doublet centered
around 7.85 ppo (Ha) is due to protons ortho to sulfone.
The doublet around 7.25 ppm (He) is due to protons ortho to
isopeopylidene group and meta to ether linkage. Doubleta
around 7.00 ppm and 6.92 ppm have been assigned to Rb
protons (ortho to ether and meta to sulfone) and Hd protons
(ortho to ether and meta isopropylidene). It is very clear
from both IR and NMR that the polymer obtained by DMSO/aq
NaOH and DNAC/K 2CO3 are identical.
While bis-T polysulfone could be made in a similar way
to bis-A polysulfone, synthesis of bis-S and hydroquinone
polysulfone has to be modified. The more acidic bis-S
phenol resulted in a lower nucleophilicity and to achieve
the desired molecular weight in a reasonable tine required
the use of relatively higher reaction temperatures or a
more reactive dihalide. Sulfolane was used as a high
boiling solvent, however, base-contact time was kept short
due to a slow base consuming side reactions (154). The
reaction could be carried out without much modification by
using the more reactive diflurordiphenyl-sulfone instead of
the dichloro derivative.
Hydroquinone polysulfone was crystalline and often
precipitated out of the solvent under experimental
conditions. To overcome this problem the reaction was
carried out at a lower concentration (100 wt/volt in
N-methylpyrolidone at 180• C and filtered hot after
completion of reaction.
169
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Since a slight excess of anhydrous potassium carbonate
1
i
was used for the synthesis, the coagulated polymer was
boiled in hot distilled water for a two hours. This
minimized the amount of inorganic salts trapped in the
polymer. This was specially important as residual
potassium carbonate or sulfolane tend to discolor the
polymer during compression molding. Since bisphenol-A is
known to cleave at high temperatures and pressures in basic
conditions (289), it is probable that bis -A polysuifone
could degrade during compression mulled if care is not
taken to neutralise the base.
The number average molecular weight of the oligomers
were obtained by potentioeetric analysis of the phenolic
and groups ( 261,297). The results are summarized in Table
11. The hydroquinone homopolymer was insoluble in the
titration medium and could not be characterized by thie
method. The results obtained by this technique w --c
comparable to that obtained by dilute soluti. pr^^^ ::.a
such as, intrinsic viscosity and vapor P?-."- 	 -IMOM,
This was specially so for bisphenol-h poi). 'oi,,, oligomer
as the values of "K" and "a" in Huggins equation in various
solvents were known ( 290). The intrinsic viscosity of
hydroquinone polysulfone was measured in 0-chlorophenol.
Gel permeation chromatojraphy trace showed a poly-
dispersity of two, characteristic of 'Linear condensation
polym4 rs. 'these results were obtained in compdrision to
polystyrene standardo. in all the chromatogram traces, a
iRT IC- IR Pff vc ff Anw LLAM + 2m
10000	 10250 + 50BlS-T POLYSULFM
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small hump was observed at total permeation end of the
trace. This has been shown to be due to cyclic dieters
(291). The structure of bis-A polysulfone cyclic dimer is
shown below:
Ole 
0
0
C» (U
Glass transition temperatures -of the Tg and molecular
weight of the oligomers are given in Table 12. Tg values
ranged from 180°C for bis-T homopolymer to 231°C for bis-S
homopolymer. The thioether in bis-T homopolymer linkage
imparts greater chain flexibility compared to the aliphatic
carbons of bisphenol -A. The polymer consequently has a
lower T9 than bis-A polysulfone. On the other hand the
rigid polar sulfone linkace in bis-S polysulfone increases
the glass transitior temperature of the homopolymers. On
ly hydroquinone homopolym^!r shows a crystalline melting
mint peak at around 310°C (159).
3.3 SYNTHESIS AND CHARACTERISTICS OF POLYSULFONE
POLYCARBONATE BLOCK COPOLYMERS
We have been interested in studying the parameter that
govern microphase separation in ductile glassy/glassy and
172
TABLE 12
GLASS TRANSITION TEMPERATURE OF POLYSULFONES
OLIGONER	 T9 (°C)*
BIS A PSF
	 190
BIS S PSF	 231
BIS T PSF	 180
Hq PSF	 210**
* From Rheovibron at 3.5 Hz.
** From DSC (40 0 C/minute), Tm at 310°C also observed
Jk-
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lass cr stalltne engineering9
	Y/ Y	 9	 9 materials. The choice of
£'	 polycarbonate and poly ( arylethers) for initial studies was
based on several considerations. Copolymerization is
feasible since the end groups in the two oligomers can bef .	 identical, as shown in structures 1 and 2.
H{ o 0 o-asO=-OD-0-0400-OH 
I
^	 N	 ^
H O-	 -0-C-0---(-(t.	 O -OHo o
t 2
Considerable information is available in literature on both
i	 homopolymers (292-5). Both polymers are amorphous as
prepared, which allows characterization of the polymers and
copolymers by solution methods (299). However, the
polycarbonate segments subsequently can be crystallized by
certain solvents (241). Thus the same copolymer can, in
principle, be studied with either a glassy-glassy or
glassy-crystalline morphology. Lastly, wide structural
Y'	 variations are possible within the general classes of
poly(arylethers) and poly(arylcarbonate) simply by changing
s
5
t
S
i
l ^
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the chemical nature of the bisphenol. These variations, in
turn, can be used to model the effect of the "differential
solubility parameters" (296) (or other more quantitative
expressions) in the development of a multiphase system at
constant block molecular weights.
Polycarbonate oligomers were synthesized as outlined
in the experimental section. Results of their characteri-
zation are given in this section. Potentiometric end group
analysis of polycarbonates was not possible due to the in-
stability of the carbonate likage in the titration medium.
However, their number average molecular weights were ob-
tained by UV analysis. Table 13 summarizes the results of
the methods used for the molecular weight characterization.
The intrinsic viscosities of the polymers at 30°C in THE
varied from 0.23-0.53 dl/gm, corresponding to a molecular
weight range from 5 , 000-22 , 000. The molecular weights were
consistent with the calculation. The glass transition
temperature of the oligomers increased with increasing
molecular weight from 143 ° C for ( 5,000) to 158 ° C (22,000).
Thus nearly a fifteen degree difference was obtained in
going from 5 1 000 < Mn> to 22,000 <Mn>. Gel permeation
chromatograms of the polymers gave a polydisperisty of two.
The molecular weights obtained from comparison with poly-
styrene as well as polycarbonate standards were consistent
with those obtained by other methods (297).
The above homo-oligomers were used in the synthesis of
block copolymers. The block copolymers were, of course,
_117
ii
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TABLE 13
CHARACTERISTICS OF POLYCARBONATE OLIGOMERS
Nn 9/mole (a)	(n) 300C	 T9 (°C)(THF
	
5,000	 0.23	 143
	
8,000	 0.31	 146
	
10,000
	
0.32	 147
	
17,000
	
0.53	 153
	
22,000	 0.55	 158
(a) UV-visiblespectroscopy of the phenol end groups
( see reference 298)
(b) DSC, Perkin-Elmer Model 2 1 400K/min.
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multiblock in type with an overall composition adjusted to
1sl ratio by weight of polysulfone to polycarbonate. For
ease of discussion each of the samples has been given a
characteristic code to indicate both composition and block
lengths (299). The monomers bis-A, bis-T and bis-S are
represented as A t T, and S respectively. Polycarbonate and
polysulfones are represented by C and S respectively. Thus
an oligomer of bis-A polycarbonate is represented as AC,
while bis-A polysulfone is represented as AS. A block
copolymer consisting of 5,000 9/mole of bis-A polysulfone
block coupled with a 5,000 g/mole of bis-A polycarbonate
would be designated AS/AC - 5/5. The increased viscosities
of the copolymers and the GPC trace indicate the formation
of multiblock copolymers.
Based on the above abbreviations, Table 14 shows the
thermal characteristics of the seven block copolymers.
Figure 25 shows results for copolymer AS/AC - 10/10. A
single glass transition is readily apparent at 175°C. In
the vicinity of 147°C, a small apparent Tg appeared in
some, but not all, samples. Probably this was a result of
some residual homopolymer. Recognizing that in these
systems kinetic control of domain formation was a
possibility, various annealing experiments were conducted.
We observe in Figure 25 that repeated annealing of the
AS/AC - 10/10 at successively higher temperatures up to
300°C and for 15 minutes in each case followed by a
thermal quenching produced no phase separation. In
177
In
N
rEE^
a0
a
a
a
m
a
m u^
a.	 N
E 4.i
ma
>4
N
rn
C^
1
to
W
ar,
0
•0^
m
• F 1 1 N N 1
10
C
0
a+
WI
ao a u, N r .-+
• 1 1 w %D %D 1
1 1 •-! ^ .^ r1 1IAr EH
a
e4
Ln Ln of- f- 1 i 1 t
%0
H
x
u0
ao
0 u
.j P4
c
um o 0 0 0 0
O O 0 0 Or4 Z 0 O
ON Ln ^ N N m rO-io°, r4
0 0 0 0 0 0 03c o 0 0 0 0 0 00 1+ o 0 0 0 0 0 0
w i0 In o w .c in o 0
r-I r-d .i ^4 r-4
en v
>d
r-4 r-4
00
az
4; O r N Q O
rl ^-i N r-1 r^
Ln ^. \ \ \ \V \ o w % \ 0 0
in 14 rl N to rl ri
U C1 C) V.^1 U CI U
let ac ot
cn U) Hc» 4 4 4 4
y s
Meeting Rate CPA/Min
Mande	 6 SCet/aer
u6C Tura• obtained eftor
•enusllnK at the Indicated
temperatures f4.r 15 minute.
178
Sts-A polysslfons/Ols-A Wlyasrtwssts (10.V00/10.000) I.wY t'^pa.lysaar
TK • 44bur (170C)
671% (300"C)
6529K (280c 1
622PK ( 200C)
6tVA (110''C)
492uK (220c)
41VII (20ec)
-- usennseled Nwdeo
.^	
r	
IMMATURE (09)
FIGURE 15. DSC THERMOGRAMS OF BIS-A-POLYSULFONE/BIS-A POLYCARSONATE
(10,000/10,000) BLACK COEOLYMER AFTER ANNEALING AT
INDICATED TEMPERATURES FOR 15 min. HEATING RATE,
40°K/min. 5 meal/sec. (Ref. 299)
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contrast, the typical thermal behaviour of AS/AC -series
two phase solids is represented in Figure 26. In the
bottom DSC trace (a), the virgin powder was scanned= only
one Tg at 175 0 C was observed. Just beyond this temperature
one notes an exotherm at 207 •C, undoubtedly a consequence
of crystallization in the carbonate domains of the copoly-
mer. In curve e a one-minute annealing at 220°C followed
by quenching produced a sample with latent two-phase be-
havior. More patient-thermal-annealing treatments at
220°C led to samples where the two glass transitions were
readily detected, as illustrated by curves C and D of
Figure 26. This clearly indicates the time dependence for
formation of microphases (299) in SS/AC copolymers. This
series of block copolymers also was investigated in view o:
determining a critical block length for microdomain forma-
tion. In addition, by now examining the same block lengths
as in the AS/AC samples above, the opportunity exists to
estimate specific interactions influence on phase separa-
tion attributable to the large solubility parameter mis-
match between blocks. Both 5000/5000 and 10000/10000 aver-
age block length materials were studied, however, Figure 26
present data only for the longer block len g th specimen, as
these are representative of the behavior on both samples.
A two phase behavior is observed. Again, for the polycar-
bonate moiety= Tg is elevated (about 15 • 0 while that of
the golysulfone is essentially unperturbed. Although no
quantitative conclusions can be drawn, at least the ranges
^ L
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h
D
T
81 
= 4380K (165°C)
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TC= 479°K (206"C)!
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TEMPERATURE (OK)
Figure 26. Effect of annealing time (2200C) on the phase
behavior of AS/AC-16/17. The DSC traces correspond
to (A) dried polymer powder - no pretreatment, (B)
annealing 1 minute followed by quenching to 50°C,
(C) annealing 30 minutes followed by quenching to
500C, and (D) annealing 30 minutes followed by
slow cooling at 1.2500 /min. to 500C. (Ref. 297,299)
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of domination of the two effects, block length and chemical
composition, are better defined by comparison of the 88/AC
with the AS/AC polymers. Roughly, one third increase in
molecular weight was required of the AS/AC -10/10 sample to
achieve the phase segregation demonstrated by blocks of one
length but differing by two solubility parameter units
instead of 0.7 units.
TS/AC COPOLYMERS. As a final composition variation within
the 50/50 overall weight-percent frame work, tests were run
on copolymers based on the bisphenol-T polysulfone oligo-
mer. Recall that this oligomer has a solubility parameter 	
.11
equal to that of the bisphenol-A polysulfone. Only the
10000-10000 g/mol block-size material has been studied.
The Figure 28 shows clearly a single transition at 159°C,
intermediate between the 140°C and 180°C homopolymer Tgs,
as one would expect from a 50/50 copolymer (299).
Perfectly alternating polysulfone polyc:arbonate
copolymer. The glass transition temperature of one phase
copolymer system of polysulfone/polycarbonate was reported
(297) to be higher than that predicted by the Fox equation.
This deviation was more prominent for smaller block
lengths. It was reasoned that for smaller block lengths
the number of junction points would be much greater and
deviation could occur due to their intrinsic nature (higher
Tg than the average of the two). To verify this required
•	 the synthesis of a copolymer- with miniinuni block length (one
unit) and thus maximum junction points of hetero Linkage
i
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and measure its glass transition temperature. Therefore, a
perfectly alternating copolymer was synthesised and its
properties studied. See Table 15. The molecular weight by
G.F.C. was estimated to be around 60 0 000. The glass
transition temperature of the copolymer measured at
409CJminute was observed at 180 0 C. This was indeed more
than 5-15 0 C higher than the average of the two homopolymers
thereby confirming the effect of sequence distrtbotion on
the Tg of the copolymer. However, rate effects may also be
important.
3.3.1 ESCA MEASUREMENTS
The experimentally determined stoichiometries of the
homopolymers and block copolymers are given in Table 16
along with the binding energies at which the ESCA peaks
appeared. The main carbon is photopeak was corrected to
285.0 ev from which shifts due to charging was determined.
This allowed adjustment of the other binding ener g ies in
the respective spectra.
The oxygen and carbon ESCA peaks for poly-t;-%raonate are
presented in Figure 29. Both peaks are gauabsiLn shaped
approximating the • ideal •
 ESCA photoelectron peak shape.
The broad oxygen peak indicates at least two kinds of
oxygen photoelectrons arising from different chemical
environments. in examining the polycarbonate structure, it
is clear that the oxygen peak &rises from the carbonyl
oxygen (Coo) and oxygen singly bonded to ,carbon. The fact
that these oxygenr are both bonded to carbon are not widely
1$S
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air
the total amount of oxygen present, since it would
essentially only be measuring the intensity arising from a
single peak. The carbon peak shows a low intensity
shake-up satellite due to the aromaticity of benzene in the
polymer.
The ESCA spectrum for bis-A polysulfone is shown in
Figure 30. The shake up satellite at 294 (eV) arises from
the unsaturation of the aromatic ring. The oxygen peak at
534.7 eV is much broader and is the result of two different
oxygen environments, e.g. C-O-C and 0-S-0. The small shake
up satellite is due to the double bonded oxygen with
sulfur. In addition to these peaks which were also
observed in polycarbonate, there is another peak at a
binding energy of 169.4 eV due to sulfur. The observed
stoichiometry is consistent with that calculated. In both
cases the observed carbon content is slightly higher than
that calculated.
Figures 31 and 32 present the spectra of one and two
phase polysulfone/polycarbonate block copolymers.
Surprisingly no sulphur-peak was observed even at very high
sensitivity, thus indicating a predominantly polycarbonate
surface even for a bulk-single phase system. This surface
segregation, we believe is due to the difference in the 7
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critical surface tensions of polysulfone (300) and poly
carbonate (341), being 41 and 34.5 respectively. To con-
firm this quantitatively, films of homopolymers and copoly-
mere were cast on a glass plate. Several (4-S) distilled
water droplets were placed on the dry film and their con-
tact angle observed-by the tilting plate method. The water
droplets on the copolymer file and the polycarbonate homo
polymer had about the same contact angle and differed from
that of the polysulfone homopolymer. This confirmed that
surface segregation occured even for a bulk single phase
material. These data suggest that in general, one should
expect the surface properties of the lower surface energy
segment in a block copolymer.
3.4 HYDROQUINONEJBIS-A SULFONE "RANDOM COPOLYMERS"
Poly(arylene ether sulfones), as mentioned in the
introductory section, possess good mechanical and thermal
properties. These properties in combination with their ex-
cellent stability (hydrolytic, dimensional and thermal)
allows these polymers to be used under demanding service
conditions over a wide range of temperatures. However, in
the presence of a solvent they are known to catastrophi-
cally fail while under stress. This has been attributed to
their rigid amorphous nature. Typically, the behavior is
illustrated in Figure 32. Examples of plastics which be-
have in this manner include AS impact polystyrene, poly-
carbonates, polyphenylene oxide and aromatic polyethers.
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Effect of Solvent Induced StresR
Cracking on Amorphous Engineering Titersoplastics
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It was reasoned that the introduction of a second
crystalline component would lead to vastly improved
material performance. Such a system possessing an A-9-A
structure in which the respective blocks are a polysulfone
(PSF) and nylon 6 (lib) is schematically depicted in Figure
33. The presence of more than 250 crystalline nylon 6
resulted in an overall enhanced solvent and stress crack
resistance (307). This is shown to Figure 34 in which a
one minute rupture time vss appiied stress in an acetone
environment is plotted.
Although good solvent resistance was obtained, the
hydrophilic nature of nylon 6 had undesirable effects on
the mechanical and electrical properties of the polymer.
To overcome this problem required the use of a second
crystalline component of comparable hydrophilicity or
hydro-phobicity as polysulfone. A good starting point was
to use a semi-crystalline polymer from the polyarylether
family. Hydroquinone polysulfone homopolymer obtained by
DMSO/NaOH was reported to be semi-crystalline (154). We
thus thought it would be of interest to study the new co-
polymers derived from the reaction of bis-A and hydro-
quinone with dichlorodiphenylsulfone. The copolymers were
synthesized as outlined in the experimental section. The
results of their characterization and properties are given
in this section.
The intrinsic viscosity of the copolymers was studied
in halogenated hydrocarbon or THE at 25 •C. The intrinsic
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ID	 viscosity of the jopolymers along with their Tg 9 s is given
in Table 17. The intrinsic viscosities varied from 0,38-
0.78 dl/9s in methylene chloride at 2S •C. The lower in-
	
I U	 trinsic viscosities resulted due to non-stoichiometric
amounts of moice, yes, To have a rough idea of the number
average molecular weight, the copolymer with the lowest in-
trinsic viscosity was potentLowetrically titrated (261) and
	
`-	 calculated to be 17,000 doltons, The hydroqubme poly-
sulfone homopolymer was insoluble in all halogenated sol-
vents, so its intrinsic viscosity was measured in artho-
chloropbenol. As the "K• and •a• values of the Huggins
constant were not available it was not possible to obtain
the <Mv> by intrinsic viscosity. Gel permeation chroma-
tography of the copolymers showed a gaussion distribution.
The elution volumes were obtained in the range of 20,000-
40,000 <Nn>, compared to polystyrene standards. All the
G,P.C * traces had a characteristic small hump near the
total permeation end. As mentioned er.rlier this is due to
the cyclic diners (Figure 35).
Thermal behavior of the copolymers were studied in a
D,S,C, cell (see Figure 3(4. The glass transition tenpera-
ture was obtained from the second run.
from 1850C for put bis-A howopolymer to
r	 droquinone homopolymer. In all cases V
t{
Bauch higher than that calculated by the
Figure 37). Stress-strain properties of
The Tg o s ranges
210 18C for pure hy-
pe copolymer Tg was
Fox equation. (Sec
the copolymers are
shown in Table ld. The Young's modulus of the samples
t	 J
TABLB 17
INTRINSIC VISCOSITY AND GLASS TRUNITIOR TEMPERATURES OF
HYDROQUINONS/BISPHENOL A POLYSULFONE COPOLYMERS
Mole Fraction Reactant
CH2C12
In) Tg
25•C
Hydroquinone	 (	 BIS-A
1	 1
DCDPS
5	 95 98 0.35 187;
10	 90 99 0.42 193
15	 85 99 0.58 195
20	 80 99 0.51 196
30	 70 99 0.48 197
50	 50 98 0.43 200'
75	 25 100 0.67 203	 Si
	
85	 15	 100	 0.71	 204
	
90	 10	 100	 0.69	 205
	
100	 0	 100	 0.85*	 207**'
0-chlorophenol
•* DSC 40 6R/min, P-B Model 2
'^ * "Tm OF 310 9 C also observed
If
ELUTION VOLUME
FIGURE 35.GPC TRACE OF BIS-A/Hq-PSF COPOLYMERS
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ranged between 11,800-13,00 kgsjcm2 . The yield stress
showed perhaps a slight increase with increasing hydro-
quinone content.
High-temperature dynamic mechanical measurements show-
{	 ed no decrease in mechanical properties with the incorpora-
tion of hydroquinone. This is especially important since
for the earlier case of the nylon-6 polysulfone copolymer,
solvent resistance was obtained at the cost of a loss in
mechanical and electrical properties. The glass transition
temperatures obtained from this study were consistent with
the D.S.C. results. Figure 38 and 39 show the influence of
temperature on tan and storage loss modulus of the copoly-
mer respectively. Low temperature mechanical properties of
the copolymers showed a broad $-loss-modulus maximum occur-
ring at round -110°C. The shape and peak position were not
much different to those of pure bis-A homopolymer. Good
impact strength enhancements have been postulated to this
$-transition (302-5), although this does not exclusively
determine the toughness of such polymers. A number of
workers have rationalized the great breadth of the $-peak
the superposition of two different loss peaks having dif-
ferent activation energies (304,306).
The hydroquinone homopolymer was reported to be
crystalline (154). This crystalline peak was observed in
the first heat in the D.S.C. cell. On cooling it rapidly
to room temperature and rerunning it showed no evidence of
a Tip but only a sharp Tg at 207°C. Annealing the sample
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in the D.S.C. cell at 254 0 C (0.83Tm) for various lengths of
time, quenching it to room temperature and rescanning fail-
ed to crystallize the sample (see Figure 40.). Thus it was
concluded that crystallization could not be induced therm-
ally. However, because the polymer showed crystallinity
w as made", attempts were made to induce crystallinity using
liquids. This novel method e)f inducing crystallinity has
been reported for polyesters, polycarbonates etc. (241).
In the polyetner family, polyphenylene oxides have been
crystallized by decalin (307). Two solvents, namely ace-
tone and methylene chloride were used in this study. Typi-
cally, acetone is a non-solvent while methylene chloride is
a solvent for polysulfones. Hydroquinone polysulfone (com-
pression molded) was soaked in acetone for various lengths
of time, removed, dried and a D.S.C. trace was run record-
ing the first heat. Samples that were dip-dried or soaked
for less than six hours failed to show bulk crystallinity.
A crystalline peak was observed for sample soaked in ace-
tone for more than six hours (see Figure 41). Samples
treated in methylene chloride required much less time.
Typically, comparable crystallinity was obtained in less
than an hour. The rapid rate of crystallization by methy-
lene chloride may be due to the fact that it solvates the
polymer segments more easily thereby depressing the Tg to
	 a
below room temperature and increasing the difference be-
tween Tm
 and TV
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That crystalli sation was indeed induced by the liquids
was confirmed by both wide angle X-ray and scanning elec-
tron microscopy. The wide angle X-ray pictures of the poly-
mer soaked in acetone and methylene chloride for 24 hours
and one hour respectively are compared to the sample prior
to treatment ( see Figure 42)• The untreated sample shows a
diffuse ring, characteristic of amorphous materials. The
other two show sharp rings indicating a semicrystal .line na-
ture. The photomicrographs obtained from SEM after acetone
treatment of the polymer is shown in Figure 43. Surface
modification is clearly observed. The crystallites appear
as small fibrillar fragments under high magnification.
The photomicrographs of methylene chloride treated
polymer are shown in Figures 44 and 45. in distinct con-
trast to the acetone treatment both excessive cavitation
and spherulitie formation are observed. This is similar to
the polyyethylene terepthalate-butanol system (241). Thus
the two liquids show distinctly different surface modifica-
tion in the process of crystallization.
Stress-strain behavior of pure hydroquinone poly-
sulfone after treatment with methylene chloride for various
lengths of time and drying is shown in Figure 45. All
samples exhibit comparable strength (Young's modulus) but
have decreasing elongation-at-break. They also exhibit
ductile failure. These observations indicate that the
homopolymer exhibits properties typical of an amorphous
polymer while being potentially semi-crystalline.
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The environmental stress crack resistance of the co-
I
polymers was studied by a bent-strip constant strain method
and a constant stress mode method. In both the methods the
samples were dried and compression molded at 300°C, then
cut into the shape of a dog bone. The thickness of all
samples ranged from 10-11 mils. In the bent-strip method
the sample was bent and held in position by placing it be-
tween the indents of a glass tube. This ensured approxi-
mately equal flexural stress and strain. A drop of a
stress-cracking liquid was placed on the sample. The ob-
servations are summarized in Table 19 are for acetone as
the stress-cracking agent. These results are also typical
for many other similar stress cracking agents. The results
show higher hydroquinone containing polymers to exhibit
sharply better solvent resistance. This method is simple
and rapid but gives only qualitative information.
The constant stress method was used to obtain a more
semi-quantitative idea on the environmental stress cracking
behavior of these copolymers. The results are summarized
in Table 20. The EER behavior was st-idied for four
different stresses. The maximum stress used was 1000 psi,
as these orders were typical of residual stress in molded
products. The results show considerable improvement in
solvent resistance for copolymers having more than 50 %
hydroquinone. As expected, the ESR is also; a function of
the applied stress.
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The copolymers were compression molded, and any crys-
tallinity "as madew was destroyed, thus producing amorphous
test specimen. Thus one would expect to have poor solvent
resistance. To rationalize the observed improvement in ESR
behavior it is believed that two processes are occuring
simultaneously. One is the diffusion of the stress crack-
ing reagent into the amorphous matrix and the other is the
crystallization and surface modification in the presence of
the stress cracking liquid and the applied stress. The
former is destructive and leads to failure of the sample
while the latter crystallizes the surface, thereby rein-
forcing the polymer segments. The ordering of the surface
would in principle also decrease the diffusion coefficient
of the stress cracking liquid. These effects are schemati-
cally represented in Figure 47.
In the hydroyuinone containing copolymer the first
process predominates resulting in failure even at very low
stress (250 psi). However, with increasing hydros;uinone
content the hydroyuinone sequerces in the copolymer are
long enough to crystallize thereb;, increasing the solvent
resistance.
As surface rr,--lif iration does play an important role in 	 i
ESR, ESCA was used to study possible surface segregation
effects. The results showed no evidence of such phenomena
in these copolymers (secs Figure 48 1 possibly due to the
relatively short sequences.
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3.5 PROTON AND CARBON (13) SPECTROSCOPY OF COPOLYMERS
As seen in the previous section longer hydroquinone
sequences showed improved ESR behavior. It was thus of in-
terest to study the monomer distribution in the copolymers.
During the last decade proton and carbon 13 spectroscopy
have provided valuable information regarding monomer dis-
tribution along the polymer backbone (285-287). This has
largely been confined to vinyl polymers with aliphatic car-
t
bons. A general rule of thumb in the study of sequence
distribution in condensation copolymers is that the inter-
monomers have iso-magnetic protons while the comonomers
have widely different proton signals. Polyesters made from
terephthalic acid chloride and a mixture of bisphenol and
diol satisfy the above requirements. Thus, sequence dis-
tribution studies in step-growth polymers have largely
dealt with copolyesters.
No work has been reported regarding sequence distribu-
tion of polysulfone copolymers. This is largely due to the
proton signals being in the small aromatic region of 6.5
ppm to 8,ppm making even peak assignments rather difficult.
This section therefore deals with an attempt to make
peak assignments of proton and carbon-13 spectrum of the
copolymers. The NMR spectrum of the two homopolymers along
with a 50/50 copolymer is shown in Figure 49. The most
downshifted peak at around 7.85 ppm, appearing as a
I'	
doublet, is due to the protons ortho to the sulfone group.
The doublet is due to a non equivalent adjacent proton.
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FIGURE 49.PROTON NMR SPECTRA (AROMATIC REGION ONLY) OF
BIS-A AND Hq POLYSULFONE HOMOPOLYMER AND
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The coupling constant of (JH-H) 8 cycles/sec is character-
istic of ortho proton couplings, in this case the protons
seta to the sulfone group and ortho to the ether linkage.
The next pair of doublets at 7.25 ppm is due to the protons
ortho to the isopropylidene group in bisphenol-A. The
doublet at 7.0 was assigned to the protons meta to the sul-
fone group and ortho to the ether linkage. The protons
ortho to the ether group and meta to the isopropylidene
moiety also occurs as a doublet at 6.9 ppm.
The NMR peak assignments of hydroquinone homopolymer
were relatively simpler since the protons from hydroquinone
(Hc) are iso-magnetic and appeared as a singlet at 7.26
ppm. The most downshifted doublet at 7.98 ppm was due to
the protons ortho to the sulfone group. The protons (Hb)
ortho to the ether linkage appeared as a doublet at 7.18
ppm. Both the doublets had the characteristic ortho
coupling constant (JH-H = 8.4 c/s).
To test the validity of the peak assignments attempts
were made to obtain the copolymer compositions via two
methods. In one, the ratio of aliphatic to aromatic pro-
tons was compared to a calibration curve (see Figure 50).
In the other, the ratio of protons ortho to the sulfone and
the protons ortho to the isopropylidene group was compared
(see Figure 51). Both methods give the composition of the
copolymers with a s3% deviation (see Table 21). 11owever,
the second proce3s is preferred since peaks from N-methyl
J
NZ
O
C^
O
r,.
U
w'
O
oG6
N
0.2
0
o^a
UNH
^. 1
H
224
4
10	 20	 30	 40	 50	 60	 70	 80 90	 100
MOLE /' Nq IN COPOLYMER
FIGURE 50. COM?OSIT ON OF COYOLY"T%R BY PROi()N NMR
(ALIPFIATIC/AROMATIC)
t)lt)GU;AL PAC!' 1'
OF POOR Q i 11 t I t.
t10	 20	 30	 40	 50	 60	 70	 80	 9C	 100
7. HYDROQUINONE CONTENT
FIGURE 51 COPOLYMER COMPOSITION FROM AROMATIC PROTONS
1
.9
.8
.7
.6
He
Ha + Ha' . 5
.4
.3
.2
.1
I II Average
5 6 6.5
8 8.3 8.15
17 11 14
5
10
15
20
30
50
75
85
19
28
50
72
27
30
46
75
81 86
23
29
48
73
83.5
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TABLE 21
COMPOSITION OF COPOLYMERS BY PROTON NMR SPECTROSCOPY
CALCULATED	 OBTAINED
(Mole 8 of	 (Mole % of Hydroquinone)
(Hydroquinone)
100
	
100
	
100
	
100
From ratio of aliphatic/aromatic protons
s
** From aromatic region only i
F„
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pyrolidone which was used as a solvent for high hydroqui-
r13ne content systems does not interfere. Also, higher
temperatures (e.g. at 100 °C) could be used to better re-
solve resolve the peak.
Attempts were now made to detect the protons most sen-
sitive to monomer distribution in the copolymer. This
naturally led to the examination of intermonomer protons.
Indeed, that protons ortho to the sulfone could be influ-
enced by an atom seven atoms away was truly remarkable (see
copolymer spectrum in Figure 50). However, one would have
3
expected to see three different proton environments from
the three triads respectively but only two were observed.
Therefore the results indicate that two of the peaks are
unresolved or superimposed.
Since 13C NMR is known to be more informative,
attempts were made to study the copolymer by 13 C spectro-
scopy.
The C-13 spectrum of the two homopolymers and the
50/50 copolymer are shown in Figures 52 and 53. Although
the peaks seemed well resolved compared to the correspond-
ing proton spectrum, peak assignment was more difficult as
no literature data was available for chemical shifts of
substituted and unsubstituted phenyl sulfones. This there-
fore involved systematic synthesis and study of simpler
molecular to calculate peak positions.
Initially, monof.unctional compunds were synthesized
and reacted. Their synthesis and characterization was
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simple and straight forward. The products were obtained in
high yields. Similarly, model compounds involving mono-
functional and difunctional reactants were synthesized.
The monofunctional reactant was used slightly in excess of
Q
stoichiometry to ensure complete conversion to product.
Otherwise, a distribution of products is obtained. The	 -
compounds were first checked for purity by T.L.C. and the
structure then verified later. The synthesis of model com-
pounds from difunctional monomers was relatively more
difficult. The use of stoichiometric amounts of the re-
actants generally produced a statistical distribution of
all possible products. Isolation of the required porduct
was not easy and usually resulted in lower yields. Using a
large excess of one of the monomers resulted in higher
yield of the required product. Considerable improvement in
yield was obtained when the lower molar ratio monomer was
added very slowly into the reaction. Figures 54 and 55
show the HPLC trace of the products of the reaction of bis-
A and hydroquinone with dichlorodiphenylsulfone respective-
ly, at various mole ratios. It is evident from the chro-
matograms that addition of the lower mole ratio component,
dichloro-diphenylsulfone in this case, results in a product
comparable to that obtain by using a large excess of bis-
phenol. In the case of phenoxy terminated model compounds,
their structure was also verified by synthesizing the
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a I-
analogous diamino derivative and diazoting it to a hydroxy
group as shown below:
H2N	 0- 
0 
S02 O 0- 
O 
-NH2
NaNO2/H2S04 °C
Cu20 , CuNO3
s
HO 
ao 
S02- O 0- OH
Synthesis of p,p'-dichlorodiphenylsulfone 1,4'-dioxy
benzene and its bis-A analog was attempted so that a
perfectly alternating copolymer of bis-A and hydroquinone
could be obtained. However, purification of the product was
not possible.
3
i
H2N-0+0^-O-aSO2-aO-CO—)+ O—NH2
NaNO 2
 + H2SO4 °C
Cu20, Cu(NO3)2
HO-O+ao-O-SO2-0-0-0^- 
1% OH
The list of model compounds used for this study are
shown in Table 22. The chemical shift of carbons in benzene
at 128.5 ppm was used as reference. Chemical shifts for
t
polysubstituted aromatics are for the most part predictable
on the basis of the additivity of the chemical shifts of thei
.,	 corresponding monosubstituted benzene.
3
r234
f+
f
TABLE 22
MODEL COMPOUNDS
Q*" (M
Q*20cl
cl^ )rsQ2<O-^-cl
"2^ O	 OOH
HOO O OH
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Initially, it was of prime importance to determine the
chemical shift values of phenyl sulfone group on an
unsubstituted benzene. This was obtained from the C-13
spectra of diphenylsulfone ( Figure 56). The spectra shows
four different carbon environments at 127.86 ppm, 130.05
ppm l 13 3. 87 ppm and 142.15 ppm respectively. The first two
signals were twice as intense as the remaining two and were
therefore attributed to the ortho and meta carbons. Litera-
ture value of chemical shifts for similar deactivating
groups like nitro, sulfonamide etc., show shielding of ortho
carbon and deshielding of the meta carbons. Based on this,
the peak at 127.86 ppm was assigned to ortho carbons and the
one at 130 . 05 ppm to the meta carbons. The other two peak
assignments were relatively simple as the carbon attached to
the phenyl sulfone group is the most deshielded. The shift
assignments of phenylsulfone were confirmed by comparing the
calculated values to the observed values for monochlorodi-
phenylsulfone and dichlorodiphenylsulfone. Similarly, the
effect of various other groups were calculated and confirm-
ed. Table 23 shows the 13 C substituent effects on benzenes.
Figures 57-62 show the 13C spectra of the monomers and
model compounds along with the peak assignments. The ratio
of peak intensities were non integral , possihly due to longer
relaxation time and lower `IOEs. This made quantitative
measurements rather difficult. The carbons attached to the
sulfone group were observed to be sensitive to the type of
bisphenol attached to the para carbon in the same ring but
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TABLE 23
EFFECT OF SUBSTITUENTS IN THE CHEMICAL SHIFT OF BENZENE
X1-Q^ P
o	 m
X C-1	 ortho meta par&
-0502- 14.35
	 -0.7 +1.54 +5.37
CI +6.2	 +0.4 +1.3 -1.9
Cl{ ( ) } 502-	 12.56	 -0.9	 +1.52	 +5.58
00-	 +29.2	 -9.4
	 +1.6	 -5.1
-OH	 +26.9	 -12.7	 +1.4	 -7.3
`	 CH3
_	
H O
 c-
'-n3
CH3
O O 'C-
CH 3
L^.
20.0	 -2.83	 1.6	 -0.82
22.3	 +0.2
	
-1.4	 -3.0
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not sensitive to the para substituent in the second ring
attached to the same sulfone group, i.e. the carbons were
not sensitive past the >S02 group. See Table 24. Thus the
sequence distribution assignment was difficult in this sys-
tem. Of course, this does not rule out the possibility of
13C NMR for studying sequence distribution, it only suggests
that other carbons in the phenyl ring of diphenyl sulfone
should be examined.
3.6 MONTE CARLO SIMULATION
As mentioned in the previous sections, sequence distri-
bution plays a very important role in the ultimate proper-
ties of the polymer. It is of interest to study the various
parameters that influence such a distribution. One would,
of course, expect the kinetics of the reaction to play a
very important role. However, the complex nature of the re-
action limits the use of simple mathematical equations. In
this section a Monte Carlo method is used to provide infor-
mation regarding the parameters that influence the sequence
distribtuion of monomer in linear bi-copolycondensation
polymers. This section essentially deals with the one stage
reaction system in which all the reactants are present from
the initiation of the reaction, i.e., no monomer is added
during the reaction. Also in all cases a 1:1 comono- mer
ratio was used.
The results and discussion is divided into three
distinct cases, depending on the variation of the functional
group reactivity of the monomers.
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3.6.1 CASE I
Here it is assumed that the reactivity of the monomers
do not change during the reaction, i.e., they have
independent functional group reactivity. Various reactivity
ratios of the comonomers were used and the coefficient of
microhetergenety calculated at various extents of the reac-
tion. Table 25 summarizes the result of the type of polymer
obtained for various comonomer reactivity ratios. In all
cases the resulting copolymer is random. Under these condi-
tions reactivity ratio does not influence the distribuuion
in the resultant polymer. This result is better represented
by Figure 63 a plot of microheterogeniety vs. the extent of
reaction for various reactivity ratios. One observes that
for high extents of reactions the copolymer tends to have a
random distribution. For a better clarity, the percent of
unreacted -A-comonomer is plotted as a function of the ex-
tent of reaction for K=1,10,1000 (Figure 64). As the value
of K increases more of -A-remains unreacted until 0.5 extent
of reaction. At 0.5 extent of reaction when all the -B-
comonomers have reacted -A-begins to react. Figures 65 and
66 show the triad distribution vs. extent of reaction for
K=1 and 1000, respectively. Comparison of these two figures
show that at K=1000 only-BCB-triads are formed until 0.5 ex-
tent of reaction. Beyond this point -ACA-and -ACB-triad be-
gin to form. At completion the random distribution is
obtained.
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TABLE 25
TRIAD DISTRIBUTION IN CONDENSATION COPOLYMERS
CASE I
-A- -A- -B- -B-
K11 X12 K21 K22 K11 K12 K21 K22 REMARKS
A A A A B B B B
1 1 1 1 1 1 1 1 random
1 1 1 1 2 2 2 2
1 1 1 1 5 5 5 5
1 1 1 1 10 10 10 10
1 i 1 1 50 50 50 50
1 1 1 1 100 100 100 100
1 1 1 1 200 200 200 200
1 1 1 1 500 500 500 500
1 1 1 1 1000 1000 1000 1000
1 1 1 1 10,000 10/000 10,000 10/000
,KF•
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FIGURr 63. CASE I EFFECT OF COMONOMER REACTIVITY RATIO ON
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FIGURE 64. PLOT OF MONOMER CONCENTRATION VS EXTENT
OF REACTION (CASE I)
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3.6.2 CASE II
Here, while the comonomers have independent functional
group reactivity, the reactivity of the functional group of
the intermonomer is varied. The reaction rate constants for
E
this system may be represented as follows:
The type of copolymer obtained depends on the reactivi-
ty ratio of the comonomers (Kr-Kb/Ka) as well as Kc, as seen
in Table 26. When the comonomer reactivity ratio (Kr) is
one the polymer is always random irrespective of the value
of Kc. Thu g random copoiymers are obtained when Kr or Kc-1.
As the value of Kr increaser alternating copolymer is form-
ed. Here with increasing values of Ke and Kr, the inter
monomer essentially behaves af• a monofunction molecule and
reacts only with comonomer -B-forming -CBC-reactive species.
This later reacts with comonomer -A-producing alternating
copolymer. The degree of alternation increases as the value
of Kc and Kr simultaneously increase (see Figure 67). How-
ever, if the ratio of Kc/Kr increases a random copolymer is
obtained.
3.6.3 CASE III
in the previous case the value of Kc was 1, in this
case the value for Kc is 1. Tn other words, the dimeric or
oligomeric functional group reacts faster than the monomeric
one. Table 27 summarizes the type of copolymer. Once
again a random copolymer is formed for Kr-1. For increas-
ingly larger values of Kr and Kc a block copolymer is ob-
r
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' TABLE 26
TRIAD DISTRIBUTION IN CONDENSATION COPOLYMERS
CASE II
KA KB REMARKS
K11.K21 K12sX22 1;11=01 K12sK22
A	 A A	 A 8	 B B	 B
` 10 1 10 l random
100 1 t00 1 random
1000 1 1000 1 random
i	 i
10 1 100 10 alternating
100 1 1000 10 alternating
1000 1 10,000 10 alternating
10 1 1000 100 alternating
100 1 9999 100 alternating
10 1 10,000 1000 alternating
f
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TABLE 27
TRIAD DISTRIBUTION IN CONDENSATION COPOLYMERS
CASE III
K	 K	 REMARKS
A	 B
Kll-K21
	 K12=K22	 K11_K21	 K12=K22
A A
	 A A	 B B	 B B
1	 1000	 1	 1000	 random
1	 100	 10	 1000	 block
1	 10	 100	 1000	 block
256
tained. Here, initailly formed -CB-species react with B co-
monomer to form -BCBCB-type species, thus generating long
sequences of -BCBB-triad thereby resulting in block copoly-
mers. Figure 66 shows the behavior of Km vs. the extent of
reaction for various values of Kc.
One very interesting observation in this study is that
at 0.5 extent of reaction the fraction of unreacted
intermonomer is always equal to the fraction of triads
formed. This holds true for all cases. A representation
plot is shown in Figure 64.
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CONCLUSIONS
The classical route for the synthesis of poly(arylene
ether sulfones) is via nucleophilic aromatic substitution
using dimethyl sulfoxide (DMSO) as a dipolar aprotic solvent
and aqueous sodium hydroxide as a base.
A wide variety of high molecular weight homopolymers
have been synthesized. However, hydrolytic side reactions
can limit the scope for the synthesis of block copolymers.
An alternate route using dimethylacetamide/potassium carbo-
nate as solvent and base, respectively has been cited in the
patent literature. We have used this method successfully
for the synthesis of several homopolymers and copolymers.
Our results show that a slight excess of potassium carbonate
(anhydrous) does not hydrolyse the dihalide or the ether
linkage in the polymer. Also the synthesis of oligomers of
predetermined molecular weight is easily reproducible. The
reaction can be carried out with preformed phenoxide or the
in situ method, thereby extending the scope of the technique
to the synthesis of block copolymers. our investigation
into the kinetics and mechanism of this process has demon-
strated that although the reaction is bimolecular it devi-
ates from simple second order kinetics. An azeotrope study
of DMAC/Toluene showed nearly 15% of toluene at the reaction
conditions (150 0 C). This could have a retarding effect on
n 	 the cation solvating power of the phenoxide. The deviation
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from simple second order kinetics has been rationalized to
be due to the partially hetereogenous nature of the reac-
tion.
These polymer have the characterisitcs that include
excellent stability (hydrolytic, thermal and dimensional),
very good mechanical properties and high Tg's. However,
they undergo catastrophic failure while under stress, in the
presence of liquid environments. This failure has been
r
attributed to their amorphous rigid nature. We reasoned
that the introduction of a second ordered or crystalline
component would vastly improve its solvent resistance.
Since hydroquinone polysulfone was reported to be semi-
crystalline "as made", We synthesized and studied "random"
copolymers obtained by reacting various mole ratio combina-
tions of bisphenol-A and hydroquinone. The copolymers con-
twining less that about 80 mole% hydroquinone were generally
soluble in halogenated solvents and their intrinsic viscosi-
ties were measured in methylene chloride. The intrinsic
viscosity of pure hydroquinone polysulfone was measured in
o-chrlorphenol. The intrinsic viscosities ranged from 0.4-
0.8 dl/gms, which corresponded to 20,000-40,000 (Mn). The
G.P.C. traces indicated a polydispersity of 2.0, which isi
characteristic of linear condensation polymers. A small
hump near the total elution volume in the G.P.C. traces, was
attributed to the cyclic dimer.
The glass trnasitinn temperature (Tg) increased
monotonically from 185°C for pure bis-A, sulfone homopolyrrer
r
r6
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to 10°C for hydroquinone homopolymer. The hydroquinone
homopolymer was crystalline "as made" with a Tm of 310°C.
It could not be thermally crystallized by annealing at 254 °C
for several hours. However, the polymer could be crystal-
lized by a novel solvent induced crystallization process.
The formation of crystalline domains was further confirmed
by scanning electron microscope (SEM) and wide angle X-ray.
Mechanical properties of the copolyeers were studied on
a tensile tester and rheovibron. The incorporation of hy-
droquinone moeity did not decrease the mechanical proper-
ties. The glass transition temperatures were consistent
with the thermal studies.
Two different types of mechanical tests were used to
study the solvent resistance of the copolymers. Rapid
qualitative analysis for various stress cracking liquids was
observed by a bent strip method. A more semi-quantitative
analysis was studied by a constant stress test. From the
above studies it was concluded that the stress crack resis-
tance of these copolymers is a function of the applied
stress, the hydroquinone content and the solubility para-
meter of the solvent. A mechanism for improved solvent re-
sistance of semi-crystalline polymer was thus proposed.
NMR and 1 3C spectroscopy of the copolymers were studied
to further elucidate their micro structure. The composition
of the copolymers were obtained within ±38 of the calculates]
value, by proton NMR. 13 C spectral assignments were suc-
cessfully made based on model compounds. The possibility of
261
using 13C and proton spectroscopy for determining sequence
distribution was investigated. Prelimary results show pro-
ton spectroscopy to be more promising.
Multiblock ( -A-B-)n copolymers of bisphenol-A poly-
carbonate and several poly ( arylether sulfones) were synthe-
sized from well characterized oligomers. one of the most
interesting aspects of these block copolymers is their
ability to undergo microphase separation above a critical
block length. It was possible to prepare one or two phase
block copolymers by controlling the molecular weights and/or
interaction parameters of the parent oligomers. Surface
characterization showed a polycarbonate surface even on "one
phase" block copolymers. This may be due to the lower crit-
ical surface tension of polycarboriat^a segments compared to
those of polysulfones.
Triad distribution of monomers in non equlibrium linear
bicopolycondensation was investigated by Monte'Carlo simula-
tion. The simulation technique was used to replace complex
mathematical treatments. All theories proposed so far were
verified. This also helped in establishing " program credi-
bility" of the technique useful for extending the recent
theory.
In the one step process, where the intermonomer and/or
comonomers have dependent functional group reactivities, the
resulting copolymer was always random irrespective of the
reactivity ratio of the comonomers. A non random
distribution was obtained when the reactivity ratio of the
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functional groups in the intermonomer and those of the
comonomer were much greater than unit. Monomers that
resulted in a random copolymer in a one step process could
be made with a non random distribution by a multi step
process, in summary, for a given set of kinetic parameter
and feed ratio of the monomers it is possible to see if and
how a predetermined micro architecture can be synthesized.
1 t
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